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Preface 


On June 1, 1991, during the 12th Soviet Technical Forum convened at the London head- 
quarters of the British Interplanetary Society, I presented a paper on the mid-1970s pro- 
posal for an American Space Shuttle to dock with a Soviet Salyut space station by 1981. 
This program was a logical follow-on to the highly successful first international docking 
mission, the 1975 Apollo-Soyuz Test Project. Despite serious discussions between the two 
sides, the project never developed to flight status, but 20 years later, under the Shuttle-Mir 
Program, a Shuttle finally docked with the successor to the Salyut series of stations. The 
Mir docking missions that followed were precursors to a far more ambitious plan to 
assemble a large international facility in space over a period of several years, mostly by 
using the resources of the Shuttle fleet. 

Research carried out for that presentation, and the published papers that followed, iden- 
tified common elements of a Shuttle mission that were basically generic to all flights 
involving space stations. Using this research as a starting point, I was able to piece together 
how the design of the Space Shuttle, its additional components and procedures, and its 
basic mission profile became integral to the creation of a large permanent scientific 
research station in Earth orbit. What has also become evident from investigations over the 
subsequent two decades is that the story of sending a Shuttle to a space station was a com- 
plex one in which the frequent changes of plan caused the people involved tremendous 
disappointment and frustration. 

Originally, this writing project was to have been confined to a single volume, but it 
soon became apparent that it was, in fact, a story of two halves, and therefore, two separate 
titles have been produced. Firstly, in Linking the Space Shuttle and Space Stations, the 
development of key components in the Shuttle system are described. These include the 
massive infrastructure on the ground to prepare the vehicles for launch, the major hurdle 
of developing a suitable rendezvous and docking system, and the most appropriate flight 
profile. The story includes a number of ultimately abandoned plans that were intended to 
gain experience in docking a Shuttle to a smaller space station ahead of the more complex 
task of assembling a much larger space complex. 

In the early 1970s, initial concepts for the Space Shuttle orbiter envisaged the vehicle 
possessing an integral docking system, but this was not present in the final design. It was 
during this time frame that the United States, through NASA, was discussing with the 
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Soviet Union the possibility of developing a common docking apparatus and perhaps 
undertaking a joint mission to evaluate the design. This plan became the Apollo-Soyuz 
Test Project. So successful was this mission in July 1975 that it prompted interest on both 
sides to develop a subsequent, more advanced joint docking mission. Linking the Space 
Shuttle and Space Stations includes an account of the concept for docking a Shuttle orbiter 
with a second-generation Salyut space station. Unfortunately, a downturn in superpower 
politics ruled this out. This book also discusses a later plan by NASA for the Shuttle to 
rendezvous with the vacated Skylab, with a view to reactivating or updating its systems in 
order to reoccupy it. But this idea had to be abandoned because delays of qualifying the 
Shuttle system meant that Skylab fell back into the atmosphere before the new spacecraft 
entered service. 

When President Ronald W. Reagan announced in January 1984 that NASA should 
assemble a space station (later called Freedom) within a period of 10 years, this followed 
years of debate, delay, and changes of configuration. Similar hurdles were to plague the 
project in years to come. Although frustrating to the designers, these years of endless inde- 
cision gave NASA the opportunity to acquire hands-on experience in using the Shuttle 
Remote Manipulator System (RMS) to deploy, grapple, and retrieve a variety of payloads 
and to support the first US spacewalks since Skylab. This was a valuable breathing space 
not only to qualify the Shuttle RMS and EVA hardware but also to demonstrate the limita- 
tions of both systems in the face of an expanding, much more complex, and ultimately 
hugely over budget Space Station Freedom. 

By the early 1990s, a change was essential to ensure that the construction of space sta- 
tion hardware could finally begin. Firstly, the design was dramatically reduced. Secondly, 
Russia joined the international partnership bringing a vast experience of space station 
operations from a succession of Salyuts and the current Mir complex. This provided 
NASA with a stepped approach to creating what would become the International Space 
Station (ISS). During the 1990s, NASA gained further experience of RMS operations and 
EVAs from Shuttles that rendezvoused with a variety of free-flying payloads. 

As the first elements of the ISS arrived at the launch site for processing, a series of mis- 
sions to Mir afforded NASA and its astronaut corps much needed experience in rendez- 
vousing with a large space station, performing difficult maneuvers around it, and physically 
latching on to it. 

This book does not focus on the details of the Shuttle-Mir missions nor the seven peri- 
ods of residency by NASA astronauts on Mir (these are related in a forthcoming title), so 
it is sufficient to say simply that they provided valuable experience prior to embarking on 
the assembly of the ISS. Shuttle-Mir offered American astronauts the opportunity to fly 
the first long-duration missions since Skylab, two decades earlier. It also saw the reloca- 
tion of many tons of bulky logistics to and from the aging Mir space station and demon- 
strated the need for a coordinated launch manifest that not only addressed national interests 
but also international concerns. 

Although the Shuttle did little assembly work at Mir, indeed it installed only one com- 
ponent — this was supplied by Russia to simplify the docking of orbiters — the docking 
missions enhanced confidence not only on orbit but also on the ground that the International 
Space Station could be assembled using the Space Shuttle system. This would mark the 
realization of an idea that was first proposed some 30 years previously. 
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Linking the Space Shuttle and Space Stations explores the lessons that were learned in 
the early 1970s and then lost and regained. It also reviews various plans to use the Shuttle 
in conjunction with small modular space stations through to the latter half of the 1990s. 
And it concludes the successful Shuttle-Mir missions which opened a new era of interna- 
tional cooperation in space. This was also the period in which the infrastructure and flight 
procedures were established that would eventually support a huge effort to embark on one 
of the most ambitious construction projects in history, a story that is related in the compan- 
ion volume Assembling and Supplying the ISS: The Space Shuttle Fulfills Its Mission. 


David J. Shayler FBIS 

Council Member, British Interplanetary Society, 
Director, Astro Info Service Ltd., 
www.astroinfservice.co.uk 

Halesowen, West Midlands, UK 

February, 2017 
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Foreword 


“Houston, Atlantis. We have capture!” I spoke those words on June 29, 1995, as I docked 
the Space Shuttle Atlantis with the Russian space station Mir, marking the first docking 
performed by a Space Shuttle. After over 14 years of flying, the Shuttle was finally per- 
forming one of the primary tasks envisaged at the time of its conception in the early 1970s, 
that being to transport astronauts and supplies to and from orbiting space stations. The 
flight was a milestone in the Shuttle program, but was also a major achievement in ending 
the Cold War and bringing Russia into the partnership that would ultimately lead to the 
construction of the International Space Station. 

The Shuttle would prove to be pivotal in the construction of the ISS due to its ability to 
carry large modules for addition to the assembly of the largest and most capable structure 
ever built in space. 

During its prior operations, the Shuttle had developed the capabilities of living and 
working in space, performing spacewalks, using the manipulator arm to grapple satellites, 
and performing repairs and construction tasks on orbit. All of these skills would be neces- 
sary for the construction of the ISS. 

The actual docking itself is the end result of so many individual capabilities such as 
orbital rendezvous, proximity operations, and the fine control of spacecraft which were 
first demonstrated in the Gemini program in the 1960s and further refined over the years. 
Add to that the teamwork and coordination required by Mission Control in Houston and 
Mission Control in Moscow, and the tasks multiply greatly. My docking with Mir was the 
end result of efforts that started many years earlier and marked the culmination of years of 
training on the part of the flight crews, the flight controllers, and so many capable design- 
ers and engineers. Thanks to their combined work, it was a spectacular success. 

The many and varied requirements of designing, manufacturing, launching, and assem- 
bling the ISS are quite possibly the most challenging that humans have ever attempted. 
Building on the successes and failures of 34 years of human space flight, the ISS repre- 
sents a marvelous achievement not only in technology and operations but also — and per- 
haps most significantly — in international cooperation in space. 
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Captain Robert L. ‘Hoot’ Gibson, USN (Retired) in front of an F-18 Hornet. 


STS-71 Commander ‘Hoot’ Gibson displays the rendezvous docking target retrieved from the 
Kristall module of the Mir space station. 


xvi Foreword 


In Linking the Shuttle and Space Stations: Early Docking Technologies from Concept 
to Implementation, David Shayler has methodically analyzed the overall picture of how 
the many skills were assembled; then in Assembling and Supplying the ISS: The Space 
Shuttle Fulfills Its Mission, he relates how these skill were put into practice to enable this 
amazing structure known as the ISS to become reality! 


Captain Robert *Hoot' Gibson, USN (Retired) 

NASA Astronaut 1978—1996 

Pilot STS-41B 

Commander STS-61C, STS-27, STS-47, and STS-71 ‘Shuttle-Mir’ 


The First Docking. STS-71 Atlantis docked with the Russian Mir space station in June 1995. 


Dedication 


To the thousands of dreamers, planners, managers, controllers, workers, engineers, 
researchers, scientists, politicians, tax payers, general public, and crewmembers who 
imagined, designed, debated, budgeted, tested, assembled, simulated, trained, supported, 
and completed the mission. And to the families who let them create and operate the Space 
Shuttle, visit the space station Mir, and achieve the dream called the International Space 
Station — the brightest star in the heavens for all to see. 
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Prologue 


THE FIRST: STS-71 Atlantis, Flight Day 3, Thursday, June 29, 1995. Today would be 
a special day for the crew of Atlantis, orbiting the Earth at 17,500 mph (28,165 km/h) at 
an altitude of 216 nautical miles (395 km). Not only was Pilot Charles Precourt celebrating 
his 40th birthday, it was also docking day. For the first time since the Apollo-Soyuz Test 
Project 20 years before, American astronauts and Russian cosmonauts would link their 
spacecraft, with Atlantis docking to space station Mir. On board the station were Russian 
Mir-18 crewmembers Commander Vladimir Dezhurov and Flight Engineer Gennady 
Strekalov, along with American astronaut Norman Thagard. This was their 105th day 
aboard the station. They were to return to Earth with the STS-71 crew on Atlantis, which 
was also to deliver their replacements, Commander Anatoly Solovyov and Flight Engineer 
Nikolai Budarin, who would remain in space as the Mir-19 resident crew. 

It would be a long day for both crews. Just 90 min after waking up to begin the day's 
operations, Commander Robert L. *Hoot" Gibson fired the Shuttle's orbital maneuvering 
engines for 45 sec in order to slightly raise the orbit. Called the NC-4 (Nominal Corrective) 
burn, this maneuver brought Atlantis approximately 8 nautical miles (14.81 km) behind 
Mir. One orbit later, Gibson fired the OMS again for the Terminal Injection burn that put 
Atlantis onto a path to intercept the orbit of Mir from directly below the station, up the 
Barth radius vector in what was referred to as the R-Bar mode. 

Less than 3 hours later, with Atlantis stable at 250 ft (76.2 m) from the Russian station, 
Gibson awaited approval to proceed. This would be a joint decision from NASA's Flight 
Director Bob Castle and his Russian counterpart in Moscow, Viktor Blagov. Then the final 
approach began. On board the flight deck, with the historic docking event in front of them, 
the Shuttle crew were busy going about their assigned tasks, as Hoot Gibson recently 
recalled, “I was at the aft window on the controls using the COAS [Crew Optical Alignment 
Sight] for alignment, as well as the centerline TV, watching the laptop for range and clo- 
sure. Charlie [Precourt, Pilot] was at the center console, keeping the laptop updated and 
monitoring range versus closure rate on the RPOP [Rendezvous and Proximity Operations 
Program]. Greg [Harbaugh, Mission Specialist] was in the aft station taking photos and 
hand-held laser [ranging] marks. Ellen [Baker, Mission Specialist] was mostly doing 
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photography in the aft station. Bonnie [Dunbar, Mission Specialist] was in the [forward] 
Commander or Pilot seat transmitting range and [closure] rate on the air-to-ground, in 
Russian, for the Mir crew. [Russian cosmonauts] Anatoly [Solovyov] and Nikolai 
[Budarin] were at the inter-deck access openings so they could be watching as well. It was 
quite crowded, but in weightlessness you have more room because we didn't all have to 
inhabit the floor." 

Atlantis approached to within 30 ft (9.14 m) of Mir, ready for its final approach to the 
docking port at the end of the Kristall module. With the two spacecraft traveling over the 
Lake Baikal region of Siberia, Russia, Gibson gently guided Atlantis to a flawless docking 
with Mir, reporting, “We have capture!” This was only the second time that vehicles from 
two different countries had linked up in space. Successfully connected in a soft dock, Greg 
Harbaugh engaged the mechanism to achieve a hard dock. Two hours later, after a series 
of leak checks of the tunnel connecting the two spacecraft, the hatches were opened, and 
Gibson shook hands with Mir Commander Dezhurov. The media gleefully reported the 
event as “the end of the space race and the beginning of a new era of cooperation in explor- 
ing the stars." Perhaps it was a little premature to allude to such a bold ambition, but the 
docking was a significant step toward the goal of building the International Space Station. 

It is often hard to realize that 22 years have elapsed since that remarkable event. The 
ISS is now operational and is hosting its fiftieth crew.’ 

STS-71 was the first of 9 dockings with Mir and a prelude to 37 docking missions to the 
ISS. It was the start of a challenging but rewarding adventure that put into practice the 
many skills and experiences not only from Shuttle-Mir and the Shuttle program in general 
but from years of planning and organizing as well. The effort that culminated with the final 
Shuttle flight to Mir put NASA and its international partners on the verge of realizing a 
dream. When STS-135 made the final visit of a Shuttle to the ISS in 2011, this concluded 
not only the Shuttle program but also an historic period in human space flight. And fit- 
tingly, Atlantis was the vehicle which achieved that feat, but that is another story... 


"E-mail from ‘Hoot’ Gibson to AIS May 9, 2016. 


' At the time of writing in 2017, members of the 50th ISS Expedition Shane Kimbrough (NASA, 
Commander), Andrei Borisenko (Russian Flight Engineer) and Sergei Ryzhikov (Russian Flight 
Engineer) were nearing the end of their tour. 
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The Space Shuttle and the Space Station 


The next major thrust in space will be the development 

of an economical launch vehicle for shuttling between Earth 
and installations, such as the orbiting space stations, 

which will soon be operating in space. 


George E. Mueller, 
NASA’s Associate Administrator for Manned Space Flight, 
August 10, 1968 


Addressing the audience at Imperial College, London, during a function organized by the 
British Interplanetary Society to mark his election as an Honorary Fellow of the Society, 
George E. Mueller emphasized the proposed Space Shuttle’s capability to resupply 
consumables and to exchange or augment crews and equipment on future space stations. 
At that time, NASA was intending to develop an efficient Earth-to-orbit transportation 
system capable of lifting between 25,000 Ib (11,337.9 kg) and 50,000 Ib (22,675.7 kg) of 
payload in cargo compartments, for delivery to orbiting stations. Mueller observed that, 
"[The] design of space stations and payloads [are] presently under study at NASA" and 
"the maturity of these designs would coincide with those for the Space Shuttle." 

Thus the idea of using the Space Shuttle to launch elements of a small modular space 
station for assembly on-orbit can be traced back to the very beginning of the program. 


A PLAN FOR THE FUTURE 


As the era of Apollo faded and that of the Space Shuttle dawned, a grandiose plan also 
emerged to establish a huge scientific platform on-orbit. Key to achieving this objective 
was the ability to master several techniques and procedures, including on-time delivery 
and preparation of not only the components that went into making up the Shuttle ‘stack’ 
but also the on-time preparation of the components and supplies for the space station. 
Building upon this was the requirement to maintain a regular and sustained flight rate to 
enable hardware to be launched on time, the training of astronauts to assemble components 
on-orbit with the support of advanced robotics and extensive spacewalking activities, 
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and the creation of an efficient infrastructure on the ground to sustain an assembly process 
lasting many years. These challenges were further complicated by the introduction of 
international partnerships, and the need for procedures and contingency plans to address a 
wide variety of setbacks or possible failures, whilst maintaining a plausible momentum 
and being mindful of budgetary constraints. 


A Platform to Work From 


This development included the design of the Space Transportation System (STS), which 
was the formal name for the Space Shuttle, along with the related hardware, facilities and 
components. Establishing a reliable and efficient method of bringing together the various 
components of the space station and launching them into space would be essential to its 
assembly on-orbit. Other important areas to be developed involved controlling the mission and 
the preparing of astronauts to achieve (and at times surpass) the mission objectives. It was 
also important to ensure a prompt and safe recovery of both the vehicle and the crew to 
enable the ground team to begin a prompt turnaround of the Orbiter for its next mission. 

These activities were essential not only to the basic Shuttle program but also to build- 
ing up confidence that this system could, with modest adjustment, sustain the assembly 
and regular resupply of a space station, whilst also carrying out missions which were 
unrelated to space station operations and, most crucially, using a small fleet of Orbiters 
and very limited resources. 

What became frustrating in the planning of a large space station were the delays in 
securing the necessary funding and the constantly changing design, while all the time 
dealing with issues involving the Shuttle itself which often required amending the pro- 
posed annual manifest, sometimes several times during any given year. After several years 
of delays and false starts in trying to assign a mission to a small space station, the Shuttle 
achieved its inaugural launch in the spring of 1981. This proved that the basic concept 
worked. It flew again in the autumn of that year, confirming the reusability of the Orbiter. 
NASA’s declaration in the summer of 1982 after only four Orbital Flight Test missions that 
the Shuttle was operational was (as time would reveal) premature. 

In January 1984, concurrent and parallel to developing flight experience with the 
Shuttle both on the ground and in space, came the long awaited decision that NASA should 
develop a space station over a ten year period. The plan called for a complex series of 
Shuttle missions that would carry the hardware elements into space so that the station 
could be progressively expanded by means of an exhausting program of EVAs. Along the 
way, the Shuttle would regularly exchange the crew of the station and resupply its consum- 
ables. This reliance on the Shuttle would severely limit its utility for other programs and 
missions that were then in the planning stage. 

Furthermore, a cadre of astronauts would rapidly require to learn the skills and gain 
experience in rendezvous and docking, in EVA construction and assembly, in the use of 
advanced robotics aboard the Orbiter, and in the transfer and stowage of tons of logistics, 
supplies, and unwanted waste materials. 

Unfortunately, in the mid-1980s these skills were severely lacking. It was more than a 
decade since American astronauts had made a manual or automated docking with anything 
in space, let alone a space station. Most astronauts with rendezvous and docking expertise 
from the Gemini and Apollo programs had retired long ago. Secondly, the skills of 
extended spacewalking operations were still relatively new, despite EVA being undertaken 
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on an experimental basis two decades earlier. From the Gemini program in the mid-1960s 
NASA and its astronauts had discovered the hard way that rendezvous and docking in 
space, and efficient EVA operations, are difficult to master. 

In addition, although a docking system had been proposed in some early designs of the 
Space Shuttle, none had emerged as an operational system when the vehicle entered ser- 
vice. In fact, in the early 1980s NASA had no definite plans to mate the Orbiter with 
another object. It was envisaged that astronauts would use the robotic arm to grapple and 
berth payloads, or release them into orbit. If the Shuttle was to assemble a space station, 
then a change of direction would have to be made...and rapidly. 

Fortunately, all the old plans were able to be dusted off in order to resume a path that 
had its origins in the golden years of NASA at the height of the Apollo program. 


THE AGE (AND AGING) OF APOLLO 


In the fall of 1968, NASA was gearing up to launch the first manned Apollo mission into 
Earth orbit, just eighteen months after the loss of the Apollo 1 crew in a fire that engulfed 
their spacecraft on the launch pad during what was believed to be a routine test. On the 
same day that Mueller addressed the BIS, Deke Slayton, the Director of Flight Crew 
Operations, was at the Manned Spacecraft Center in Houston informing astronaut James 
A. McDivitt that his Apollo 8 mission was to be sent to the Moon at Christmastime. 

The suggestion by Mueller that Apollo was to be followed by the development of a 
space infrastructure was a clear indication of NASA's future plans, but the priority remained 
Apollo — everything else would have to wait until the agency had achieved the goal set by 
President John F. Kennedy in 1961 of a manned lunar landing within the decade. 
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The Space Facility Evolution envisaged by NASA circa 1974, bearing a remarkable similarity 
to the current core elements of the ISS. (Courtesy British Interplanetary Society) 
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In order not to risk losing funds for Apollo at such a critical time, all official talk at 
NASA of subsequent programs was being discouraged. Plans for a space station had 
existed for years, however, with proposals being submitted in many guises and formats. 
Ironically, a number of proposals had envisaged using surplus or purpose-built Apollo 
hardware for extended missions in Earth orbit and in some cases even around the Moon. 

On August 19, a week after Mueller’s speech in London, NASA announced that Apollo 
8 would shoot for the Moon, albeit with a different crew. McDivitt and his colleagues 
David R. Scott and Russell L. (‘Rusty’) Schweickart, had opted to stick with the Lunar 
Module (LM) whose development they had been following for two years in preparation 
for taking it on an orbital test. They exchanged missions with the Apollo 9 crew of Frank 
Borman, James A. Lovell and William A. Anders — who flew Apollo 8 between December 
21-27, 1968 without a LM. The spectacular success of Apollo 8 and the tests by Apollo 
9 in Earth orbit in March and Apollo 10 in lunar orbit in May paved the way for Apollo 11 
to make the historic first landing on the Moon in July 1969, with Neil A. Armstrong 
becoming the first man to stand on that surface. Never an agency to rest on its laurels, 
NASA repeated the feat with Apollo 12 in November. 

By the end of the 1969, NASA was looking forward to a schedule that included eight 
more lunar landings of increasing sophistication. It was also poised to release details of its 
new space policy for the 1970s and 1980s. The plans were audacious, considering that the 
Space Age was only twelve years old. Over the next two decades, NASA was envisaging 
extensive operations in Earth orbit and beyond, large space stations, a regular Earth-to- 
orbit ferry service, an Earth-Moon transportation system, lunar orbital stations, and 
research bases on the surface. There were even proposals to fly humans to Mars with a 
fly-by of Venus on the way home. 
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NASA's Space Base, circa 1969. (Courtesy British Interplanetary Society) 
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The Stark Reality 


Although the summer of 1969 was a time of triumph for NASA, dark clouds were looming. 
The remaining Apollo lunar missions were scheduled across the next few years, partly to fit 
them into the fiscal budgets but also to allow time to analyze the results of one mission during 
the planning for the next. With Apollo 12 slipped to November, on October 9, 1969, NASA 
announced plans for Apollo 13 through 20. The future mission plans, which included times- 
cale variations to allow for different levels of funding, envisaged the ‘original’ Apollo series 
terminating with Apollo 20 around 1972. After that, an advanced lunar exploration program 
would be pursued during the rest of the decade. This would include extended duration mis- 
sions on the surface that would venture far and wide. There would also be polar orbital mis- 
sions to map the entire surface. It was expected that by the early 1980s there would be a space 
station in lunar orbit and a small, permanent research facility on the surface. 

But in December 1969 the financial ax fell on Apollo 20. This was announced at the 
First Lunar Science Conference in January 1970, hosted by the space agency to report the 
analysis of the Apollo 11 samples. Then in April of that year, Apollo 13 suffered an explo- 
sion on the way to the Moon that canceled the planned third lunar landing and began a 
three day struggle to save the crew; an achievement which has been dubbed “NASA’s fin- 
est hour.” And just five months later, three more flights were scrubbed and the remaining 
four renumbered and rescheduled. The program would now end with Apollo 17 in 1972. 
Whilst it was clear that there would be no further manned lunar missions for the foresee- 
able future, few could have expected that sorry state to persist for more than fifty years. 

Saved (but only just) from the budget cuts was one of a planned series of Skylab orbital 
workshops. Fabricated from the S-IVB stage of a Saturn launch vehicle and outfitted on 
the ground to serve as an orbital workshop, solar telescope, and Earth-observation plat- 
form. Launched on May 14, 1973 by a two-stage Saturn V rocket, the unmanned Skylab 
was occupied between May 1973 and February 1974 by three crews who flew aboard 
Apollo Command and Service Modules (CSM) launched by Saturn IB rockets. These mis- 
sions, lasting in turn 28, 59 and 84 days, set endurance records, with the final flight estab- 
lishing an American record that would remain for twenty years. 

Although Skylab was a major success for NASA, it was only ever intended to be an 
interim design. The proposals for much larger complexes were lost to a series of budget 
cuts. The follow-on Skylab B, built and paid for using the back-up hardware for the first 
workshop, was canceled after much debate. By 1975 there remained just one American 
manned mission on the books — a short, one-week joint docking flight with the Russians. 

Much was made at the time of the détente of this international venture, but it was a 
dead-end mission. No further American space flights were planned until the Space Shuttle, 
which was expected to make its debut in 1979. In hindsight, however, both Skylab and the 
Apollo-Soyuz Test Project laid the groundwork for Shuttle-Mir and, eventually, the 
International Space Station. 


A Space Transportation System 


The Space Shuttle was the lynchpin of NASA’s ‘Grand Plan’ for space exploration from 
the late 1970s towards the end of the century, and a significant element of the proposed 
infrastructure of Earth-orbiting ferry craft, space tugs, logistic vessels and space stations 
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A 1975 representation of the main elements of the Space Transportation System. 


for crews of up to 100 astronauts. However, it was the only element left standing after the 
budget wrangling of the early 1970s. 

The Space Shuttle was promoted as the answer to most, if not all, of the nation’s launch 
requirements for the foreseeable future. It would allow scientific research to be conducted 
with space laboratories carried in its cavernous payload bay, it would serve as a platform 
to deploy advanced robotic probes to the farthest reaches of our solar system, and it would 
facilitate most of the orbital requirements of the national security forces. Artwork of the 
time depicted the Shuttle deploying and retrieving satellites, as well as serving as an orbital 
repair shop and as a platform to undertake vast construction projects, including assem- 
bling space stations. 

Authorized in 1972, the Shuttle was designated the Space Transportation System (STS) 
because it was ultimately intended to replace all expendable launch vehicles. It featured a 
manned spacecraft called the Orbiter (OV) which incorporated a three-deck crew module. 
The upper deck, called the flight deck, would have the controls and displays required to 
enable astronauts to fly the vehicle. It would also serve as the work station for deploying 
and retrieving payloads using a robotic manipulator arm that was eventually supplied by 
Canada. The mid-deck was the living quarters, with sleep compartments, a galley, a toilet, 
and storage facilities. It also housed the airlock to enable space-suited astronauts to access 
the payload bay for spacewalks. Additionally, sometimes the mid-deck would provide 
access to a hatch and tunnel system connected to a pressurized research laboratory in the 
payload bay. Initially known as the Sortie, or Research Application Module (RAM), this 
was eventually provided by the European Space Agency as the Spacelab Module. The low- 
est deck contained avionics bays and other subsystems needed to keep the vehicle flying. 
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It was not habitable as such, but the astronauts could access it in order to replace the 
lithium hydroxide canisters that scrubbed the cabin air clean. 

Originally, it was intended to create a totally reusable two-stage launch system, involv- 
ing a huge manned booster that would carry the Orbiter “piggy-back’ style to the altitude 
at which it would be released to continue its journey into orbit while the booster was flown 
back to the launch site. But this configuration was soon rejected for budgetary reasons. It 
was replaced by a large unmanned External Tank (ET) to provide the propellants for the 
three main engines in the tail of the Orbiter, and lift-off would be supplemented by a pair 
of liquid propellant boosters strapped onto the sides of the ET. When the budgetary ax fell 
once again, the liquid boosters were in turn replaced with segmented solid propellant 
boosters. The Solid Rocket Boosters (SRB) would be separated after about 2 min and 
parachute back to the ocean to be retrieved, refurbished, and used again. At one stage, 
plans also existed to place the spent ETS into orbit and convert them into rudimentary 
space stations but this idea was also discarded. Instead, a jettisoned ET burned up in the 
atmosphere high over the ocean just minutes into the flight. Only the Orbiter would achieve 
insertion into orbit to undertake the assigned mission. 

One of the key features of the Orbiter was its large payload bay, some 15 ft in diameter 
and 60 ft long (4.5 x 18.29 m). This volume was primarily to satisfy the needs of the 
USAF, to carry its new generation of spy satellites installed atop their upper stages. In an 
early proposal, the Orbiter was to have had a capacity of 50,000 Ib (22,700 kg) and a vol- 
ume of around 10,000 cu ft (283 cu m), making it suitable for payloads with diameters in 
the range 15—22 ft. This suited the USAF, who were developing payloads of similar size 
for their Titan IIIC expendable launch vehicle. But NASA's focus was on assembling a 
space station from small modules that had diameters of 14 to 15 ft (4.2 to 4.5 m), so the 
agency preferred a narrower, shorter payload bay. The Air Force was adamant, however. 
Their proposed participation in the program included the use of Vandenberg AFB in 
California for missions which would fly at higher inclinations (including polar orbits) than 
were possible from the Florida launch site. And there was the prospect of the USAF buy- 
ing Orbiters for its own use. If NASA wanted this program, the payload bay simply had to 
meet USAF specifications. By way of compromise, NASA initially suggested a bay that 
was 22 ft (6.7 m) wide and 30 ft (9.1 m) long but this was rejected. With NASA unwilling 
to let a disagreement over the dimensions of a payload bay scupper the funding for devel- 
oping the Shuttle, which was the only viable program after Apollo, it accepted a carrying 
capacity of 65,000 Ib (29,250 kg) and a payload bay sized to the USAF's requirements. 
This was part of the design proposed by NASA Administrator James C. Fletcher and 
approved by President Richard M. Nixon on January 5, 1972. 

Three months later, in April, as Apollo 16 astronauts John W. Young and Charlie 
M. Duke explored the Descartes region of the Moon, their Capcom relayed the news that 
authorization for Shuttle development had been given. Less than a decade later, it was 
Young who sat in the command seat of the first Shuttle and, along with Pilot Robert 
L. Crippen, put the Orbiter Columbia through the basic mission profile that proved the 
concept. That concept would form the link between the ASTP program and a new chapter 
of international cooperation in space for America, initially at the Mir space station and 
later in assembling and crewing the ISS, but it would require the better part of thirty years 
for the Shuttle to forge that link. 
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BUILDING A MODULAR SPACE STATION 


Following the 1972 authorization of the Space Shuttle, a number of internal NASA and 
contractor reports focused on the capabilities of the Shuttle concept to support the assem- 
bly of a modular space station, as this concept had grown in popularity and replaced the 
earlier large (and expensive) 50-100-man Space Bases. A summary of these new studies 
was presented at the annual meeting of the American Association for the Advancement of 
Science in Washington DC, December 27-28, 1972, as part of a series of presentations on 
future Space Shuttle payloads. 
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NASA’s Modular Space Station, circa 1972. (Courtesy British Interplanetary Society) 


Twin Manipulators 


In this very early proposal, the Orbiter would initiate station assembly by delivering core 
and power modules, with the next few missions adding resident crew facilities and labora- 
tories. The physical assembly of the station suggested the installation of a pair of remote 
manipulator systems on the Orbiter, a concept often depicted in early artwork but never 
adopted in practice. Over 19 missions, this modular station would gradually be expanded 
with control, cargo, research and application modules, along with a galley and further 
crew modules. By the seventh mission it would be capable of supporting a resident crew 
of four. This would increase to six by flight eleven. As the number of modules increased, 
so too would the size of the resident crew, so that by the 15th mission a nine-person crew 
could be sustained, and by the 19th mission the goal of a twelve-person crew would be 
attained. Additional ‘specialist facilities’ would be added over time, including medical, 
exercise, and ‘recreational’ modules. 
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In this study, the Shuttle would employ the two 60 ft (18.28 m) manipulators to 
assemble the station, starting with the core and power modules plus a berthing port and 
a berthing adapter. This adapter would use a yet-to-be-defined docking system and an 
integrated airlock located behind the crew compartment of the Orbiter. Each new mod- 
ule would be relocated on the multi-port core module using the twin RMS arms. Once 
the second core module was added, a station manipulator could also be installed to assist 
in relocating future modules. As the facility expanded, much of it would be out of reach 
of the arms aboard the Shuttle and therefore (as would occur with the ISS) a combina- 
tion of station and Orbiter arms would be required in order to relocate modules and 
external payloads. The featured design also suggested side berthing capabilities for 
future modules to be able to expand the station laterally as well as lengthwise. 


Establishing an Economic Orbital Installation 


In its conclusions the study said, “The Space Shuttle system supports the economic estab- 
lishment of large orbiting installations, servicing the environmental compatible growth 
pattern of mankind. In accessible near-Earth orbits, the Space Shuttle not only reduces 
significantly the build-up cost, but is actually an important tool in the build-up of modular 
space stations.” 

Perhaps the notion of an ‘economical Space Shuttle’ was a little optimistic, but the 
principle of utilizing the Shuttle Orbiter with RMS devices to construct a space station, 
module by module, was actually how the ISS would be assembled decades later. 

What is interesting about this study is that the assembly of similarly designed but very 
varied specialist modules seemed to be by RMS berthing alone. There was no mention of 
the kind of EVA activities that would be essential in assembling the ISS. In the end this, 
like so many similar studies, was filed away in the archives, never to be transformed into 
actual hardware. 
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Shuttle and Salyut: A Lost Opportunity 


NASA has direct responsibility for any discussions with Soviet 
officials regarding [joint] compatible docking systems 


in our respective manned space flight programs. 


Thomas O. Paine, NASA Administrator, July 31, 1970, in a letter to 
Mstislav V. Keldysh, President of the Soviet Academy of Sciences 


As the Shuttle concept evolved through the early 1970s so did the design of the space 
station. It was a time of change in the American space program. The Apollo program to the 
Moon concluded in 1972 and was replaced by three flights in 1973 to Skylab, a space sta- 
tion made by repurposing lunar hardware. Following Skylab, there remained just one con- 
firmed mission and three flight seats for American astronauts, a joint docking mission 
between an Apollo Command and Service Module and a Soviet Soyuz spacecraft. After 
that, there would be a hiatus until the Space Shuttle was ready to fly. This was optimisti- 
cally expected to occur in 1978 or 1979, but in reality NASA faced a six year await 
between ASTP in 1975 and STS-1 in 1981. 

It was during this period that some the first defined plans were created for sending a 
Shuttle Orbiter to a space station — although not an American one, it was Soviet. In the 
planning of ASTP there had been discussions about docking an Apollo with a Salyut station, 
but after 1975 any follow up would necessarily involve the Shuttle Orbiter. It would 
provide the first indication of the potential of establishing a truly international station. 


THE PROPOSED SHUTTLE-SALYUT DOCKING MISSION 


Both official and informal discussions between the United States (NASA) and the USSR 
(primarily the Soviet Academy of Sciences) occurred throughout the 1960s mainly to 
exchange a limited amount of information, but also to establish various treaties, including 
those covering the possible rescue and return of astronauts and cosmonauts from space.! 
By the late 1960s, the concept of a joint US-USSR manned mission was beginning to gain 
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support and interest, with the potential of a long-term interest in developing a mutually 
acceptable docking system for future space station under development by both the 
Americans and the Soviets. In August 1970 the Office of Advanced Developments (OAD) 
at NASA Headquarters investigated some of the technical issues and published a summary 
report ‘International Cooperation in Space’ that reviewed current, albeit American, thoughts 
on the potential of developing joint equipment and procedures with the Soviet Union. 


LÀ azl--------— g, Anny Ae 
ZÆ X 34 
Block 2 Nd 
systems WM un 
Block 1 V 


systems on bo Space station 
Soyuz? - =o Soyuz 


K Salyut 


Common = 


service module 


Airlock/adapter New Salyut? 


Salyut 


Soyuz S 


A sketch for a senior staff briefing on July 12, 1971, at NASA's Manned Spacecraft Center in 
Houston supporting the development of a universal docking system.? 


With the Apollo program winding down and NASA anticipating using the Space Shuttle 
to open up American access to space, it seemed logical to include a common docking 
system in the Shuttle's design for use on future spacecraft or space stations, be these 
American or Soviet. The OAD report outlined known hurdles which would have to be 
overcome, in addition to the language barrier. At this point, the Soviet (Soyuz) and 
American (Apollo) spacecraft maintained their internal atmospheres at different pressures 
using different atmospheric gases. Information about the Apollo probe and drogue dock- 
ing system was in the public domain through press releases from NASA, Rockwell as the 
manufacturer, and articles in the trade press (notably Aviation Week & Space Technology), 
but very little detail was known about the Russian systems. On the positive side, the 
Shuttle's docking system was still in the early phase of its design and so it could readily be 
tailored to suit requirements. 

For Apollo, however, the hardware configuration had already been flight proven and its 
diminished budget gave little room for maneuver. Both the remaining lunar missions and 
the Skylab program had already been severely trimmed, and while there was back-up 
Skylab hardware in storage, if this wasn't used there would be no further American manned 
missions in space until the Shuttle was ready. Still, the case for flying at least one joint 
docking mission with the Soviets in the middle of the decade, rather than just wasting the 
existing hardware, was gaining strength. 
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Apollo Soyuz 


The possibility of an Apollo linking up with a Soyuz emerged from informal talks in 
New York between NASA's Administrator Dr. Thomas O. Paine and Academician Anatoly 
A. Blagonravrov in April 1970. 

According to NASA memos dated September of that year, three possibilities were dis- 
cussed, two of which were feasible in the timeline available using existing (known) hard- 
ware. The first suggestion was for an Apollo to dock with a Soyuz. The second idea was 
for a Soyuz to dock with Skylab (with the Apollo docking at the radial port reserved on 
Skylab missions for a rescue vehicle). The third option was longer term, because it envis- 
aged docking a Shuttle with an unspecified Soviet spacecraft. At this point in 1970 there 
was little evidence in the West of the imminent appearance of the Salyut space station but 
it was believed that the Soviets, having lost the race to be the first to land men on the 
Moon, were switching their focus to a space station program. 

Docking equipment on US space programs was designed for a specific purpose. On 
Gemini, that purpose was to develop the basic techniques required in order to carry out 
rendezvous and docking, so the equipment could be relatively simple. The nose of the two- 
man spacecraft was simply maneuvered into a receptacle on the nose of an Agena target 
vehicle, whereupon three latches engaged to establish a rigid connection. There was no 
requirement for internal crew access or transfer to the unmanned target. In the case of 
Apollo, several members of the crew would require to transfer between the two spacecraft. 
In this system, a probe mechanism on the nose of the CSM was extended to engage with a 
conical drogue on the roof of the LM. After three small latches engaged to establish a soft 
docking, the probe would retract to draw the vehicles together for a hard docking that 
required firing a series of 12 latches in the collars to establish a rigid connection. Once the 
tunnel was pressurized, the hatches would be opened to form an internal tunnel between 
the vehicles through which astronauts could transfer in a shirt-sleeve environment. As a 
back-up provision, it would be possible to put on their space suits and transfer externally 
using the front hatch on the LM and the side hatch on the CM. This latter option was par- 
tially simulated during the Apollo 9 mission in March 1969. 

By contrast, NASA knew little about Soviet docking systems apart from the probe and 
drogue used for the joint mission flown by Soyuz 4 and Soyuz 5 in January 1969. As there 
was no internal transfer tunnel available on this mission, the two cosmonauts who crossed 
from one ship to the other did so by EVA. It was later revealed that this exercise was also 
a test of the method the Soviets intended to use on their (canceled) program to send cos- 
monauts to the Moon, where one man would EVA from the main spacecraft (an enlarged 
form of Soyuz) to the lunar lander, undock, and descend to the lunar surface. Upon his 
return, the vehicles would dock and he would make a second external transfer. 

The androgynous docking system proposed for the Shuttle was an idea that had been 
studied by North American Aviation in May 1962 during evaluations of early docking 
techniques but not pursued by Apollo. During a preliminary tour by NASA officials of Star 
City near Moscow in October 1970, Caldwell C. Johnson, a leading US spacecraft designer 
and specialist in docking systems, informed his Soviet counterparts about this androgy- 
nous docking system. Reciprocal comments showed that the Soviets also had docking 
systems with internal transfer tunnels in development and that these would be 
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October 1970, MSC spacecraft designer Caldwell C. Johnson prepared these Vu-graphs to 
explain the concept of a ring and cone docking system and its possible future use by the Space 
Shuttle.? 


incorporated into Soviet spacecraft “in the near future." However, the details of these 
systems were not revealed at that meeting.^ 

Just six months later, on April 19, 1971, the first unmanned 41,675 Ib (18,900 kg) 
Salyut space station was launched into orbit. Four days later, the three-man crew of Soyuz 
10 gave chase with a plan to board the station for a residency of 20—30 days. Unfortunately, 
it proved impossible to achieve a hard docking and they returned to Earth after just 48 hr. 

Once the design fault in the new docking mechanism had been remedied, a second mis- 
sion, Soyuz 11, was launched on June 6 with a late replacement of the entire crew after one 
member of the prime crew fell ill. This time the docking and transfer into the station was 
achieved and the cosmonauts spent most of their 24 day mission on board the Salyut. 
Tragedy struck during their return to Earth, however. At that time, Soviet cosmonauts did 
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not wear pressure suits and when a pressure equalization valve in the Soyuz malfunctioned, 
the evacuation of the capsule’s air resulted in the deaths of the three Soyuz 11 crewmen: 
Georgi T. Dobrovolsky, Vladislav N. Volkov and Viktor I. Patsayev. It was another tragic 
setback to the Soviet program, coming just four years after Vladimir M. Komarov died 
when Soyuz 1 smashed into the ground because its parachutes failed to deploy properly? 

As a result of the Soyuz 11 accident and subsequent inquiry, all Soviet manned flights 
were delayed for at least a year. Several subsequent failed attempts to orbit another Salyut- 
type station meant that no cosmonaut entered orbit until September 1973. Despite these 
difficulties, the Americans were still keen on the idea of a joint mission, and the best plan 
still seemed to be to dock an Apollo at one end of a Salyut while a Soyuz was docked at the 
other end. But the problems of incompatible docking systems and differing atmospheric 
compositions remained to be resolved. The Soviet spacecraft used an oxygen-nitrogen 
atmosphere at sea-level pressure, whereas Apollo used pure oxygen at about one-third of 
that pressure. Any crewmen who attempted to transfer between vehicles without acclimati- 
zation would suffer from nitrogen bubbles forming in the blood stream, in the same manner 
that deep sea divers who ascend too rapidly develop a condition called ‘the bends.’ To over- 
come this, the Space Division of Rockwell International proposed a special airlock and 
docking module that was 10 ft long by 5 ft diameter (3.05 x 1.52 m). This would house 
crewmen while the internal atmosphere was adjusted to either the Apollo or Soyuz, depend- 
ing on which direction they were going, prior to opening the relevant connecting hatches. 
In order to resolve the problem of the existing vehicles having different docking systems 
and at the same time evaluate a new compatible system, which was the reason for staging 
the mission, this module would have an Apollo drogue at one end and the new androgynous 
system at the other to mate with a compatible system on the Soviet vehicle. 

Although NASA had been open about ending the Apollo program, its replacement by 
the Space Shuttle, and their intentions for large space stations, the Soviets were not so 
forthcoming about their plans. This made detailed preparations for any joint mission rather 
frustrating. Although the joint mission was being proposed initially as a one-off opportu- 
nity, there were expectations (at least on the American side) of possible future collabora- 
tive ventures. The joint docking system would be developed too late for it to be used 
operationally by Apollo, but NASA would be able to use it on the Shuttle for operations 
with Soviet spacecraft or space stations. 

The approval of the Space Shuttle development in early 1972 was a boost for the con- 
tinuation of American human space flight, but in April the Soviets dismissed any prospect 
of an Apollo-Salyut Test Project. During another visit to Moscow by NASA officials the 
Soviets said, "It was not technically and economically feasible to fly the (joint) mission 
using Salyut.”° 

By the spring of 1972, only one Salyut had been placed into orbit. Its design was a 
compromise to ensure that it reached orbit before Skylab for propaganda purposes. It fea- 
tured only one docking port at the front. To include a second docking facility at the rear 
would, according to the Soviets, require significant reconfiguration of the station's layout. 
This would take so long that the project would no longer be feasible within the proposed 
timeframe of the joint mission. This disappointed the Americans, who were seeking not 
only to gain experience of research aboard the Salyut, but also an insight into the Soviet 
space station program and long-term plans. Their own Skylab program was limited to just 
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one station with three manned missions, and while the American station did have two 
docking ports, the idea of a Soyuz docking at Skylab was never formally proposed. The 
first joint mission therefore became an Apollo docking with a Soyuz with Rockwell’s new 
module as the interface. While the acronym remained the same, ASTP now stood for the 
Apollo-Soyuz Test Project, or, as the Soviets called it, the Soyuz-Apollo Test Project. 

After two years of joint technical talks, on May 24, 1972, US President Richard 
M. Nixon and Soviet Premier Alexei N. Kosygin signed an agreement for the two nations 
to cooperate on space and technology developments for five years, with ASTP as the high- 
light. Just over three years later, following the docking of a three-man Apollo with a two- 
man Soyuz on July 17, 1975, astronaut Thomas P. Stafford and cosmonaut Alexei 
A. Leonov shook hands in an open hatch. Global media coverage emphasized the spirit of 
détente of the rival Cold War superpowers working together. ASTP also marked the end of 
the Apollo era, with the final crew splashing down on July 24. The focus within NASA 
would now switch to developing the Shuttle. 

At that time, NASA was planning to undertake atmospheric tests using a prototype 
Orbiter in 1977. This series of Approach and Landing Tests (ALT) would be followed by 
up to six Orbital Flight Tests (OFT), starting in 1979, to put the Orbiter through its paces. 
Starting in 1980, up to six ‘development flights’ would evaluate the hardware and proce- 
dures to enable the whole system to begin operational missions from 1981." 


The Salyut Era 


Although the first joint mission was merely an Apollo and a Soyuz docking for a few 
hours, the American desire to dock with a Salyut at some point in the future did not go 
away. With the Shuttle still several years from its inaugural flight, NASA approached the 
Soviets with the idea of a Shuttle docking with a future Salyut station. 

Having lost the race to the Moon, the Soviets turned to one of their cherished plans for 
space exploration, the establishment of a permanent human presence in space by a succes- 
sion of space stations. To ensure they beat the American Skylab, the first Soviet station 
became a compromise of two designs that were being developed by rival design bureaus. 

One, officially known as Almaz (‘Diamond’) but cloaked under the generic Salyut family 
name, was to address military objectives. The second, originally called Zarya (‘Dawn’) but 
changed shortly prior to launch to Salyut (‘Salute’), had more scientific (or civilian) objec- 
tives. In the compromise to accelerate the development, an Almaz was stripped down and a 
Soyuz propulsion unit was fitted at its rear where a docking system was to have been. Instead, 
a simple docking system was installed at the front, where the Almaz crew capsule was to 
have been situated. This redesign precluded the inclusion of a second docking port, so the 
follow-on first generation Salyuts (the lost Cosmos 557 and then Salyut 4) also featured a 


“What transpired was that the Shuttle development encountered many unexpected hurdles, delaying 
the first orbital flight by several years. Nevertheless, the ALT phase occurred in 1977 and there were 
extensive ground tests in 1978 and 1979. The OFT phase was subsequently reduced to four missions, 
with the first flying in April 1981 and the last in June 1982. The objectives of the ‘development 
flights’ were incorporated into the first few ‘operational’ missions, starting in November 1982. 
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A NASA illustration of the proposed Shuttle-Salyut docking. 


single docking port at the front. For the second generation Salyut 6 and Salyut 7, an engine 
unit similar to that intended for the Almaz was installed at the rear instead of the borrowed 
Soyuz propulsion system. This had two engines, set off-axis to accommodate a docking 
system and transfer tunnel on the axis. The highly secret military Almaz stations (Salyut 2, 3 
and 5) had already used this arrangement. Consequently, although the Soviets had told the 
Americans it wasn't "technically feasible" to add a second docking port to Salyut, they were 
already doing so. They simply did not wish the Americans, familiar with the early civilian 
Salyut, to know that there was a different configuration for the secret military version. 
Ironically, in 1973, the year after they refused the suggestion of an Apollo-Salyut dock- 
ing, the Soviets began work on the second generation Salyut space station with a docking 
port at each end. This new Salyut could also support EVA (the first time that the Soviets 
could conduct spacewalks since 1969) and be refueled and resupplied by automated 
freighters. These Progress ships, introduced in 1978, were based upon an unmanned ver- 
sion of Soyuz. Salyut 6, the first of the second generation stations, was launched in 
September 1977 and became one of the most successful by remaining in operation through 
to 1981. Salyut 7 was launched the following year and served until 1986, by which time a 
third generation station had been placed on-orbit and given the name of Mir (‘Peace’). 
While the Soviets focused on the longevity of human space flight using the Salyut sta- 
tions, with missions lasting up to six months, the Americans doggedly pursued the 
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development of the Shuttle. The inaugural orbital flight was in April 1981, and by the end 
of 1985 there had been twenty-three missions. Of course there had been setbacks, difficul- 
ties and cancelations, due primarily to processing and reliability issues on the ground as 
well as changes to the manifest, but on the whole the Space Transportation System was 
very capable. It had its flaws and was neither as reliable or as economical as first envis- 
aged, but NASA was confident that with experience the situation would improve. 

By the early 1980s, the Shuttle and Salyut programs were following their separate 
paths. While Shuttle and Mir would eventually meet on-orbit in the mid-1990s, there had 
in fact been detailed proposals to achieve this feat much sooner. 


THE ‘ORIGINAL’ INTERNATIONAL SPACE STATION 


On June 6, 1974, Academician Mstislav V. Keldysh, President of the Academy of Sciences 
of the USSR, wrote to NASA’s Deputy Administrator, George M. Low, on the subject of 
further cooperation in space research. Low’s reply indicated that that definite interest 
remained at NASA for such cooperation. A joint meeting between Low and Keldysh was 
planned for October or November of that year, and Low suggested that talks be held in 
advance to “direct our respective studies to some candidate projects which appear at an 
early time to have possible mutual interest." 

A meeting of NASA staff in Washington DC in August 1974, supported by a teleconfer- 
ence from JSC in Houston, included a discussion on the "international aspects of a space 
station." A presentation given on August 29 reported upon the knowledge that the USSR 
was interested in continuing manned space activities in Earth orbit and was “contemplat- 
ing an 110,250 Ib (50,000 kg) class space station, with associated launch vehicles [i.e. 
Proton and eventually Energiya] and logistics systems [which became Progress]." The 
discussions also noted that the European Space Research Organization (ESRO, a forerun- 
ner of ESA) had expressed interest in entering manned space activities, but was seeking 
cooperative ventures rather than designing its own launch vehicle or manned logistics 
craft. The meeting reaffirmed NASA's commitment to manned orbital activities with the 
Shuttle, although it had no plans to develop a heavy lift launch vehicle in the Saturn V 
class. Finally, it was noted that Japan had no interest in taking on its own major manned 
space program but had instead expressed a desire to "participate with other nations, if 
some national purpose were identified."* 

Virtually predicting the later development of Mir, the presentation also included the 
forecast that whilst the facilities seen aboard Soviet space stations to date (Salyut 1 and 
Salyut 3) were limited, "several Salyut [modules] would be joined together on-orbit to 
form a multi-manned station." Cooperative and equal partnership between nations could 
result in the establishment of one or more permanent orbital stations if “substantial fund- 
ing becomes available by 1980." The meeting suggested that such a station would com- 
prise a central core module to which a number of service modules would be either 
temporarily or permanently attached, with *a 30-man crew selected to allow specialization 
without extensive cross-training." Laboratory modules could also be attached as neces- 
sary. The complexes would receive visits by short-duration sortie craft, host unmanned 
facilities such as free-flyers which would be serviced by these craft, and be resupplied by 
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logistics craft, including a “shuttle-class [vehicle] for transporting personnel, cargo, and 
all orbital elements, except the core module, in either direction between their orbits and 
Earth” [author emphasis]. This was an early suggestion that the Space Shuttle would play 
a major role in the construction and subsequent occupation of a modular space station. All 
of this would be require an international cooperative venture that included at least Europe 
and Japan, and possibly the Soviet Union. Such a partnership might have conceived a truly 
‘international’ space station by 1990. 

The timeline suggested in the meeting (which depended upon final approval and provi- 
sion of adequate funding by 1980) was: 


e 1975: Multi-lateral discussions; unilateral concept studies. 

e 1976: Joint concept discussions; preliminary management considerations. 
e 1977: Final concepts and management agreements. 

e 1978: Technical studies and interface definitions. 

e 1979: Study review and special preparations. 

e 1980: Contract for design and development. 


Launch of the core module would be by Proton or perhaps a modified unmanned Shuttle 
concept (similar to what became known as Shuttle-C during post-Challenger studies) and 
would include the European Sortie Module (which became Spacelab). 

The data was passed to the Soviets for consideration later that year, with NASA hoping 
for a positive response to enable them to establish a framework timeline in the spring of 
1975. It would then be followed by a series of meetings to move the project forward once 
ASTP was completed. 


US Concerns Raised 


By late June 1975, barely a month before the ASTP mission was to fly, concern was being 
raised about potential US-USSR space station studies. During a visit to JSC by George 
Low earlier in the month, former flight director and now technical director for ASTP at 
JSC, Glynn S. Lunney, raised some concerns about the joint proposal. While Low agreed 
that there were valid issues that would have to be raised with the Soviets, he did not neces- 
sarily agree with Lunney conclusions. A meeting was organized to discuss the matter. 

Lunney's concerns highlighted the problem of discussing an International Space 
Station with other [unidentified] countries when the US lacked direction for its own plan- 
ning beyond the Shuttle. There were no defined goals, objectives or proposals for the US 
space program in the 1980s. Lunney also raised concerns about how the US might approach 
such countries to invite their participation, in particular the timing of any approach in view 
of US government approval cycles, and the degree to which it should be a partner. He 
offered a range of options for a joint definition study, ranging from postponing any deci- 
sion on a space station to suggesting that each side complete their own integrated studies 
with specific focus on certain elements, highlighting any potential problems they could 
foresee. While current proposals for follow-on missions after ASTP included having a 
Shuttle dock with a Salyut as the preliminary to a fully international long-term space sta- 
tion, Lunney questioned the ability of the Soviets, or indeed their interest, in supporting a 
Shuttle-Salyut study and the International Space Station proposal alongside its own 
domestic space program. 
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Lunney proposed that any meeting in the fall of 1975 should first concentrate on the 
ongoing compatibility studies of the Space Shuttle with Salyut to define the objectives, 
scope, and schedule of any such mission and examine the capabilities required for any 
future systems beyond that. The International Space Station proposal should remain a sug- 
gestion for joint consideration at some specified date in the future, with continuing 
exchanges of information keeping a range of configuration options open for later study. 
This would also be the occasion to define the level of participation by other nations, as 
well as to approach “sensitive” subjects such as the details of any large booster that the 
Soviets might possess.” 

Despite the concerns raised by Lunney and others, planning for the joint meeting in 
November 1975 between NASA and the Academy of Sciences proceeded. Part of this 
planning was based upon a letter of August 13, 1975, from Arnold W. Frutkin, NASA 
Deputy Director for International Affairs, to Vladlen E. Vereshchetin, Vice Chair of the 
Academy of Sciences’ Council for International Cooperation in the Exploration and use of 
Outer Space,'° outlining the primary agenda items. Those pertaining to the Shuttle-Salyut 
and the early ISS proposals were itemized as: 


e Joint projects which would involve the Shuttle-Salyut-Soyuz spacecraft. The forma- 
tion of a Manned Flight Operations Joint Working Group made up of members 
from both sides was suggested. This would be able to recommend special projects, 
objectives and planning scenarios, including schedules and milestones. Frutkin 
explained that NASA was seeking a partnership that was similar to that for ASTP, 
preferably engaging the same personnel from both sides in order to continue the 
cooperative momentum. 

e The possible Soviet use of the STS for various payloads. From 1976, NASA would 
be willing to furnish the Soviets with pertinent information on flight opportunities, 
user requirements, terms, and other considerations. Frutkin asked whether similar 
opportunities could be extended to American payloads and experiments during a 
future Salyut or other Soviet program. His letter also mentioned “consideration for 
flight opportunities for crewmembers of the two sides, on an approximately recip- 
rocal basis, where mutual project interests and objectives warrant.” 

e A future [international] Space Station. Any such project would begin with both 
sides agreeing not to make a firm commitment to develop future space stations, 
either jointly or independently at this point. It was hoped, instead, to establish 
mutual agreements under a new Space Station Joint Study Group. If this group 
were to be established, then its first task would be to define the parameters of ini- 
tial concept studies and a schedule for those studies to be undertaken. Each side 
would undertake its own independent studies, then the Joint Study Group would 
meet to try to “harmonize the concepts of the two sides.” This would be submitted 
to the respective principals to resolve any differences and proceed with those 
aspects that were agreed upon. 


It was hoped the upcoming meeting would resolve the first phase of cooperation and 
determine whether a more advanced program was practicable. If so, it was expected 
that this second stage would result in preliminary designs for a large space station, 
either by dividing the work equally or by blending the efforts of both sides and perhaps 
including other international partners. It would be easier to draw in further partners if 
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the US and the USSR could work in harmony together over the long-term. Frutkin’s 
letter enquired whether any of the topics listed were of interest to the Soviets for the 
next meeting, and concluded, “We believe that it would be very desirable, with respect 
to Shuttle-Salyut-Soyuz prospects, if accelerated discussions regarding the compatibil- 
ity requirements for the Shuttle docking mechanisms could be prioritized now that 
ASTP has been completed.” 

The meeting between NASA and the Academy of Sciences expected by the end of 1975 
was delayed several times until October 19-22, 1976. The Soviet delegation at the meeting 
in Washington DC was headed by Chairman of the Interkosmos Council, Academician 
Boris N. Petrov, with the NASA team headed by Deputy Administrator Dr. Alan 
M. Lovelace. The meeting set up a Joint Working Group (JWG) to “study the appropriate 
scientific objectives, and the operations required thereby, to optimize the Shuttle’s flexibil- 
ity and Salyut’s long stay time, and study the flexibility and objectives of an international 
space station.” 

Despite general consensus and the apparent readiness of the Soviets to draft and even 
to sign an agreement, it was NASA that was reticent. The lengthy delay in arranging the 
meeting had placed it barely a month ahead of the November 1976 national election in the 
United States, so NASA, not wishing to pre-empt a possible new Administration in the 
White House, declined to draft or sign anything. NASA suggested that the Soviets should 
propose a draft agreement after the election had taken place. Jimmy Carter won the elec- 
tion. The Soviets duly submitted their draft on November 27. This move on the part of the 
Americans had a political rationale, because it meant the idea for a Shuttle-Salyut project 
looked like a proposal by the Soviets for a continuation of the ongoing ASTP program 
instead of a ‘new’ extension to the Shuttle program. This was a ploy to make it easier to 
‘sell’ the idea to the politicians. The space agency discussed the draft proposal with the 
State Department and the newly appointed National Security Council (NSC) and then the 
agreement was signed in May 1977." 


The May 1977 Agreement 


Details of the agreement signed on May 11 were released by NASA on May 17." This 
confirmed the continuation of the very successful ASTP partnership. It called for three 
Working Groups, two for "orbital manned flight activities" and the third for a "possible 
international space station." 

The first Working Group was to assess the scientific and applications programs that 
could be conducted during joint operations between the Shuttle and a Salyut in the early 
1980s. The second Working Group would define the relevant flight plans. These studies 
were to last 18-24 months, with recommendations from both sides and an obligation to put 
"science first." It was assumed that the first flight of a Shuttle would occur in 1979 and that 
the docking with a Salyut would occur in 1981. The particulars of the mission program 
would be defined over the course of the joint studies. The third joint Working Group would 
make a series of phased studies related to an international space platform or station. If a 
consensus of objectives for future space station activities emerged from these initial stud- 
les, then further studies would be undertaken to explore the potential design configurations 
of such a station. 
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NASA’s Tentative Expectations 


The next step was to organize a joint meeting of all the working groups, possibly by late 
July. A proposed agenda from the Soviets had been received, indicating their interest in 
pursuing the topic. Having initially just reiterated the points that had been agreed upon, 
NASA would soon propose a less detailed, more flexible agenda to be submitted to the 
Soviet Academy of Sciences. This was in part due to the fact that operational flights by the 
Shuttle were still some way off. The initial areas which NASA proposed for study were 
covered in the broadest terms: infrared interferometry; life sciences; atmospheric chemis- 
try and climatology. The Soviet proposals were then to be cross-matched by sub-groups to 
identify potential areas of joint research that would benefit from the combined capabilities 
of the Shuttle and Salyut. 

Right from the start, NASA emphasized that it was willing to exchange information and 
any developments necessary to plan the Shuttle-Salyut operations and to refine the pro- 
gram of research objectives. NASA said that all the information that they provided would 
be based entirely on previously published data and documents widely available under the 
agency’s openness policy. The only truly ‘new’ information was expected to come from 
the Soviets and relate to their Salyut station whose detailed design and composition was 
still generally unknown in the West. Information concerning the Soyuz had, of course, 
been revealed to the Americans out of necessity via the ASTP project. 

The always important issue of funding was a potential stumbling block, but NASA 
believed the costs were not incremental to the existing development of the Shuttle. It would 
probably have been necessary to provide funding for some kind of a “docking capsule” ear- 
lier than the broader Shuttle program might otherwise have required, but even the develop- 
ment of a program of science experiments was in line with what the agency anticipated for 
the ‘typical’ Shuttle mission profile. There were no indications than any ‘extra’ flights would 
be required in order to test or demonstrate procedures or hardware in advance of an opera- 
tional docking mission. This suggests that (as was the case with Shuttle-Mir later) the dock- 
ing system might not be tested on a mission prior to the first attempt to dock with Salyut. 

NASA noted that this joint cooperative relationship must reflect “political judgment as 
to the desirability of these cooperative programs.” In addition, regular reporting and analy- 
sis would be required to ensure that the program was adhered to at all times. If the initial 
program proved to be a success, there were recommendations in place to plan for further 
Shuttle-Salyut missions during the 1980s; a statement that was an early foresight of what 
was to come. 


Hopes for the Future? 


As the November 1977 meeting approached, the prospect of further cooperative efforts 
between the Americans and the Soviets was drawing favorable comments from several 
sources. During the 28th Congress of the International Astronautical Federation held in 
Prague, Czechoslovakia in September, its Chairman, Professor Marcel Barer of France, 
reminded delegates they were present to celebrate the 20th anniversary of the launch by 
the Soviet Union of the first artificial satellite, and to look forward to a possible Shuttle- 
Salyut joint mission. 
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Other reports indicated that the Soviets were fully supportive of such a program and 
were eager to promote and highlight the work being done on their Salyuts as being “for 
the benefit of all on Earth.” The Americans appeared to be viewing ASTP and Shuttle- 
Salyut as just the first stage of cooperation. This was revealed in a letter dated October 
20, 1977 from Frank Press, who was the Science and Technology Advisor to the White 
House, to Academician Vladimir A. Kirillin, Chair of the State Committee on Science 
and Technology, and Deputy Chairman of the USSR Council of Ministers. Press wrote, 
“Our delegation intends to put forward certain suggestions...of considerable importance 
for the future of our total cooperation in space. In general, they mean to propose a more 
extensive exchange in the planning [of] planetary investigation over the next decade.” 
Clearly, the Americans were seeking to expand the cooperation far beyond the Shuttle- 
Salyut docking and ongoing life sciences cooperation, and indeed beyond any potential 
international space station; they were thinking about long-term joint exploration of the 
rest of the solar system. 


The November 1977 Meeting 


The next meetings between the Soviet Academy of Sciences and NASA took place in 
Moscow, November 14-17, 1977. The American delegation was led by Dr. Noel 
W. Hinners, Associate Administrator for Space Science at NASA Headquarters, and the 
Soviet delegation by Dr. Boris Petrov, Chair of the Interkosmos Council of the Soviet 
Academy of Sciences. A NASA press release described these as exploratory meetings 
designed to identify "candidate areas for study to define a possible joint experimental 
program in the 1980s, using the Shuttle and Salyut-type spacecraft.” 

The Science and Applications Working Group (SAWG) would be chaired by Dr. 
Hinners while the Operations Working Group (OWG) was chaired by Dr. Glynn S. Lunney, 
currently the manager of the Shuttle Payload Integration and Development Program Office 
at JSC. Together, these groups were to define scientific areas for the proposed joint flight, 
exploiting both the vast payload capacity and flexible delivery capability of the Shuttle and 
the extended orbital duration of a Salyut. 

Almost lost behind the news about the meeting in Moscow, was a second event men- 
tioned in the same press release. This was hosted by the NASA Wallops Flight Research 
Center, Virginia, during November 19-25. The eighth annual meeting of a NASA-Soviet 
Space Biology and Medicine Working Group was the latest event in an ongoing program 
initiated in 1971 by a Science and Applications Agreement between NASA and the Soviet 
Academy of Sciences. Prior to this formal meeting, a workshop on simulated weightlessness 
was held over November 16-18 in Bethesda, Maryland. This program focused upon the 
biomedical results from Cosmos 936 (an unmanned satellite that included US experiments), 
a briefing by the Soviets on the recent long-duration flights by the Soyuz 21 and Soyuz 24 
crews on board Salyut 5, and a NASA briefing on the third Spacelab Mission Demonstration 
Test (SMD-III). Delegates also discussed space sickness, its impact on the health of astro- 
nauts, and the prospects for future such research as the duration of missions increased. 

The summary of these two meetings was released by NASA in January 1978.'° The 
Joint Working Groups (JWG) agreed to further meetings in both the USA and USSR in 
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1978 and that the next (ninth) conference of the Space Biology and Medicine Working 
Group would be held in the USSR later that year. As a further measure of cooperation, the 
Soviets invited American participation in two Biosatellite missions that were to be 
launched in 1980 and 1981. 

By the Moscow meeting, the JWG for Basic and Applied Scientific Experiments had 
progressed in reviewing fields of scientific investigation that could be carried out within 
the framework of the Shuttle-Salyut program: 


e Radio astronomy experiments using an aperture synthesis system. 

e Infrared interferometry. 

e X-ray astronomy. 

e Gamma-ray astronomy. 

e Cosmic-ray research. 

e Research on physical conditions on active regions of the Sun. 

e Space biology and medicine. 

e Laser absorption spectroscopy for studying pollution of the upper atmosphere. 
e Radio sounding for radio geophysical studies of the ‘astrosphere’ of Earth. 
e Space processing. 

e Active (controlled) experiments in Earth's magnetosphere and ionosphere. 
e Space meteorology and studies of Earth resources. 


Common ground was identified in most of these fields, and both sides proposed further 
studies to be carried out ahead of the next planned meeting in the US in the spring. 

The OWG agreed that experiments conducted on the separate vehicles during the joint 
mission might require a degree of interaction and mutual orientation between the two 
spacecraft in addition to any docking operations. The Shuttle could deliver bulky scientific 
apparatus to be mounted either inside or outside the Salyut, whilst smaller experiments 
could be launched aboard the Salyut. The group defined three possible modes of operation, 
any of which might require coordination between the vehicles in order to conduct some of 
the proposed scientific experiments: 


* Mode A: The Salyut and Shuttle as two mutually orientated but separate 
spacecraft. 

e Mode B: During the time the Salyut and Shuttle were docked together. 

e Mode C: The Salyut operating scientific experiments that were delivered by the 
Shuttle. 


Basic specifications and preliminary information regarding the capabilities of both 
spacecraft were exchanged. Each side would also “prepare a handbook with technical 
specifications and operations parameters for their spacecraft, including sketches and block 
diagrams." These were to be exchanged by January 1, 1978. In addition, there was a list of 
US requirements on the spacecraft systems that could be imposed by the potential scien- 
tific equipment and experiments, and a similar Soviet document which was entitled 
*Preliminary Technical Proposals of Program Accomplishments.' All of these documents 
would be reviewed at the next meeting in the spring, while the main topic of the next round 
of talks would be compatibility of systems, including: mission phases; docking systems; 
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joint flight dynamics; equipment installation (including the utility of a robotic manipulator 
of the Shuttle); on board electrical compatibility; radio communications; and life support. 
Unsurprisingly, all of these subjects were revisited twenty years later when preparing for 
Shuttle-Mir and Shuttle-ISS operations. 


Next Steps 


The two sides agreed that in the spring of 1978 the JWGs should concentrate upon defining 
possible scientific programs and identify any requirements which might be placed on either 
the Shuttle or Salyut to support those activities. The OWG was to exchange the materials 
and discuss any technical requirements for inter-spacecraft compatibility, while liaising 
with the SAWG about the feasibility of supporting any proposed scientific program. 

By July 1978, it was presumed that the groups would have agreed the preliminary 
selection of experiments and a division of work on scientific material and apparatus to 
facilitate a more accurate costing of the science program. The OWG would present its 
findings on the feasibility of the hardware necessary for the intended science program, and 
would continue to work on compatibility issues relating to the systems of the two vehicles. 
Recommendations for a scientific program were expected to be finalized by October 1978, 
along with a technical feasibility report. A management plan to execute the joint program 
would follow and the appropriate technical documentation would be developed. 


A SOVIET SPACELAB? 


An interesting, albeit largely overlooked development was reported in the summary of 
the Space Biology and Medicine meetings at Wallops Island and Bethesda, “The US side 
informed the Soviet side about the general characteristics of the Shuttle-Spacelab sys- 
tem, including the Life Science Module, Common Operations Research Equipment, 
Spacelab Payload Accommodations, and the possibility of conducting medical and bio- 
logical experiments in these systems.” Was NASA opening the way for Russia to install 
experiments on a future Spacelab Life Sciences mission? It appeared so. Dr. David 
L. Winter, the US co-chairman, “invited the Soviet side to participate in these experi- 
ments and informed the Soviet side of the procedures...to submit proposals for consid- 
eration for flight.” 

At the next meeting, planned for the second half of 1978 in the USSR, all of the items 
listed for discussion were for “joint flight experiments in Space Biology and Medicines." 
This could have led to a joint biomedical program to be performed in a Spacelab as part of 
the payload for the proposed Shuttle-Salyut mission, but it could equally have led to a 
dedicated Spacelab Life Science mission, equivalent to the two Spacelab D (German) and 
single Spacelab J (Japanese) missions flown on the Shuttle. A third Spacelab Life Science 
(SLS) mission was considered for the French (Spacelab F), but never pursued. Had events 
turned out differently, it is conceivable that the mid-1980s Shuttle manifest could have 
included a Spacelab R (Russian) SLS mission. There is evidence in the form of a letter in 
March 1978 from astronaut Joseph P. (‘Joe’) Allen, then Director of Legislative Affairs 
Division in Washington, to US Senator E. William Proxmire (D. Wisconsin), the Chair of 
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the HUD-Independent Agencies Appropriations Subcommittee. Summarizing the meet- 
ings held in November 1977, Allen pointed out that a reciprocal offer to the Soviets in 
return for their flying American experiments on Biosatellite missions in 1980-1981 was 
“to propose experiments for a Spacelab when the Shuttle becomes operational.’ 


NASA’s Organization of the Shuttle-Salyut Study Activity 


As well as being Chairman of the SAWG, Noel Hinners was the overall lead for the 
American study of candidate payloads under the Shuttle-Salyut Payload Activities 
Program. This study was conducted through the Astrophysics Division (Code SC) and the 
Office of Space Sciences at NASA Headquarters. It was managed by Dr. Franklin D. Martin 
(also Code SC). The Goddard Space Flight Center in Greenbelt, Maryland, was responsi- 
ble for supporting mission management requirements for payloads, with JSC in Houston 
having managerial responsibility for all US operational Shuttle-Salyut requirements and 
ORI, Inc., acting as support contractor for the study activities. It was presumed that, as the 
program developed, other NASA field centers would sign up as payload or instrument 
developers, each with its own technical support and scientific support teams and coordi- 
nating efforts via the appropriate program offices at NASA Headquarters. 

The Shuttle Salyut Payload Study Group (SSPSG) consisted of eight panels, each look- 
ing at potential experiments in a specific field of scientific study, namely: high energy 
astrophysics; astronomy; space plasma physics; solar physics; life sciences; atmospheric 
research; materials processing; and Earth observations. The panels also drew up the scien- 
tific rationale and objectives of each study, the typical investigations and instrument oper- 
ating modes, and the requirements of each experiment. The first meeting of the SSPSG 
was at Goddard on January 16, 1978." Coincidentally, this was the day on which NASA 
announced its first group of Shuttle-era astronaut candidates. This group included Robert 
L. (‘Hoot’) Gibson, who would command the first crew to dock with Mir over seventeen 
years later, as well as Norman Thagard and Shannon Lucid, who would become the first 
two American astronauts to live aboard the Mir complex, albeit on different missions. 


THE DEMISE OF SHUTTLE-SALYUT 


By the time of the meeting at Goddard to discuss the prospects for Shuttle-Salyut, the 
Soviets had been operating the first dual-ported Salyut for four months. 

Launched in September 1977, Salyut 6 was to have received its inaugural crew that 
October, but Soyuz 25 failed to achieve a hard docking at the forward port and so was 
ordered home. It fell to the next assigned crew to demonstrate the maturity of the Soviet 
space station program. Soyuz 26 docked at the rear port on December 11. On the 20th, the 
two cosmonauts, Yuri V. Romanenko and Georgi M. Grechko (using the call sign *Tamyr") 
performed the first Soviet EVA since 1969. Their inspection of the forward port confirmed 
that the aborted docking by Soyuz 25 had not caused any damage. On January 12, four 
days before the NASA meeting, Soyuz 27 confirmed this assessment by docking at the 
port. After a week aboard the station, the two Soyuz 27 cosmonauts returned to Earth in 
Soyuz 26, leaving the residents with a fresh craft to continue their long-duration mission. 
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The dual port Salyut 6 (1977-1982) was the first truly International Space Station. The view 
on the left shows a Soyuz at the rear port and the upper side of the station. The view on the 
right shows a Soyuz at the forward port and the lower side, including the apertures for the 
instruments that view through the floor. It was this class of Salyut which could have per- 
formed a joint mission with a Space Shuttle in the early 1980s. (Courtesy SpaceFacts.de) 


The following month, Progress 1, the first of the unmanned freighter variant of the 
Soyuz, docked at the vacant rear port of Salyut 6. While the Salyut was being refueled 
using an automated system, the crew unloaded fresh supplies and then filled the ship with 
miscellaneous rubbish that would be destroyed when the craft later burned up in the atmo- 
sphere. This flight set a routine for replenishing space stations that continues today with 
the ISS. Updated over the years, Progress has had remarkably few failures. 

In March 1978, Soyuz 28 delivered Vladimir Remek of Czechoslovakia to Salyut 6 as 
the first space explorer not to be a citizen of either the USSR or the USA. His one-week 
‘visiting’ mission marked the start of the Interkosmos program where the USSR flew 
“guest cosmonauts’ for fraternal socialists states. One week later, the Tamyr crew returned 
to Earth having established a new endurance record of 96 days, surpassing the 84 days of 
the final Skylab crew in early 1974. 

In just three months, the Soviets had proved that they had overcome the teething trou- 
bles of their earlier stations and verified the potential suggested during the early planning 
for Apollo-Soyuz and later for Shuttle-Salyut. The operational procedures would be 
repeated in the next twenty-two years by further long-duration expeditions, visiting crews 
and Progress freighters. In addition, an ambitious program of EVAs would be conducted 
from Salyut 6, Salyut 7, and then Mir. Interestingly, although Soyuz were exchanged regu- 
larly, usually to have a fresh vehicle docked for the recovery or rescue (if required) of a 
resident crew, the first in-space exchange of a crewmember was not achieved until 1985 in 
the case of Salyut 7. 
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This impressive program also proved that the Soviets were capable of conducting and 
supporting both long-duration crews and short visiting missions to a station, and resupplying 
it to achieve several years of productive activity. This experience, which could have been 
supplemented by visiting Shuttles during the mid-1980s, was called upon by the partnership 
that adapted Space Station Freedom to support the transition via Shuttle-Mir to the 
International Space Station. Soyuz and Progress missions have sustained the ISS since 2000. 

However, the first ‘international space station’ was Salyut 6, launched in 1977. It hosted 
five long-duration missions (the longest for 185 days) and eight Interkosmos visiting mis- 
sions through 1981.!* 

Meanwhile, NASA continued to work on the proposal to send a Shuttle either to Salyut 
7 or its successor. On March 1, 1978, an internal review of NASA's Shuttle-Salyut experi- 
ments was conducted. The next day Noel Hinners, Frank D. Martin and Norman Terrell 
gave a briefing on the results to the Interagency Group in which, at least in principle, the 
group agreed to accept the Soviet proposal to hold the next joint working group meeting 
on May 22. This required senior management approval within the agency by April 5 and 
formal Presidential approval by April 26. It would be tight, but it seemed, at last, that 
progress was being made by the joint working groups, and that formal authorization for 
the project would be forthcoming. However, suddenly everything went remarkably quiet 
concerning developments towards a Shuttle-Salyut docking. 

On July 17, 1978, Aviation Week & Space Technology reported in its round-up of 
Washington News that the Shuttle-Salyut joint mission was “in deep trouble, if not already 
dead, because of increased US concerns over technology transfer to the Soviets and the cur- 
rent abrasive political climate between the two powers.” It also reported that the Interagency 
Committee of the National Security Council had spent the previous six weeks re-evaluating 
the idea of a joint mission. A planned trip to the USSR by the President's science adviser 
Frank Press that same week had been canceled because of disapproval of the manner in 
which the Soviet government was dealing with those who opposed its official views. 

The changing political backdrop, various international events, and delays within the 
Shuttle program (not least to the first orbital flight) all contributed to a rapid and rather 
subdued end to discussions concerning the Shuttle docking with a Soviet space station. 
The possibility of a Soviet-dedicated Spacelab mission was also quietly forgotten." In fact, 
the suspension of joint flight discussions would last for the next fifteen years! 


A Congressional Review in 1982 


The 1982 US Senate Report on Soviet Space Programs 1976—1980, compiled by the 
Committee on Commerce, Science and Transportation which was chaired by Senator 
Harrison H. Schmitt, an Apollo astronaut and the only professional scientist to walk upon 
the Moon, explained the difficulties of dealing with the Soviets at that time and the strained 
international situations that contributed to the suspension of the Shuttle-Salyut project.” 


"Seventeen years later, during STS-71 in July 1995, the first Mir docking mission, the two outgoing 
Mir-19 cosmonauts participated in a range of medical evaluations in the Spacelab module that was 
carried in the payload bay of Atlantis, re-kindling those early suggestions for a dedicated Soviet 
Spacelab mission. 
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The report cited a number of evident trends in Soviet-American relations between 1976 
and 1980. Most notable was the fact that the Soviets were now able not only to sustain 
their Salyut program, but had increased their space station operations with an improved 
second generation design and its support infrastructure. This advance was in marked con- 
trast to the perceived lapse of the American effort in the same period, with the distinct 
absence of anything with which to fill the long hiatus between Apollo and the Shuttle. 
Establishing a balance between competition and cooperation in space also remained an 
issue, even after the end of the race to the Moon. However, the down turn in relations was 
primarily due to the political differences between the two superpowers at that time, and 
particularly the invasion of Afghanistan by Soviet forces in December 1979. 

The report also highlighted matters of internal politics on both sides which were inter- 
fering with the desired depth of cooperation, sometimes to the point where the obvious 
advantages of cooperation were not fully explored and an opportunity was simply wasted. 
The report concluded, “Whether Soviet-American space relations will improve depends 
upon conditions at the political level.” There seemed little chance of such an improvement 
in the short-term. But a degree of cooperation did continue with the ongoing exchange of 
biomedical life science data and regular, cordial meetings at international events and con- 
gresses. Some people pursued informal talks in relation to technical issues, but there were 
no meetings between those who drew up the agendas, defined projects, and approved the 
funding for collaborative projects. 

It would take the better part of a decade for things to change, at least on the space 
front. The collapse of the Soviet Union in December 1991 led to Russia inheriting the 
Soviet space program at a time of economic crisis, and for a time it appeared that Mir 
would simply have to be abandoned. Certainly plans to develop Mir-2 were out of the 
question. 

Meanwhile in the USA there was an urgent need to address the spiraling costs and 
complexity of Space Station Freedom, which as yet was still a paper project. It would 
clearly benefit both sides to collaborate in space, but achieving this wouldn’t be plain 
sailing. 

The success of Salyut 6 surprised many international observers, not least in America 
where the mood was that the nation was once again falling behind the Soviets in space, a 
runner-up status that NASA thought it had left behind the early 1960s. On the eve of 
STS-1 in April 1981, an unidentified agency spokesperson said a successful inaugural 
mission for the Space Shuttle would “give us a lift and bring our supporters out of the 
woodwork.” Sure enough, shortly after that two day Shuttle mission was completed, a 
poll taken by Associated Press-NBS established that Americans were indeed generally 
supportive of the space program. The poll suggested that 60% did not feel enough was 
being spent on the program, and 66% said the money spent on the Shuttle was a good 
investment. 

Back in 1978, with proposals for Shuttle-Salyut maturing, the effort made a lot of 
sense because both parties could contribute something useful and expect benefits from 
cooperation, although perhaps not in equal amounts. It was evident that the Shuttle and 
Salyut were mutually complementary, and that a joint scientific program was justified. 
Notably, it was the Soviets who were the more enthusiastic and apparently anxious to 
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conduct such a mission. NASA had been more cautious, careful to ensure there would be 
solid scientific and space applications results and wary lest it be regarded as a dead-end 
project. NASA was still hoping to push for more than one Shuttle-Salyut docking mission 
during the 1980s. 

But the political differences that became evident in 1978 and 1979 made any such mis- 
sion impossible. It was not just Afghanistan. There were also difficulties with the relation- 
ship between the US and China as well as delays in establishing the Strategic Arms 
Limitation Talks (Salt IT) agreement, the publicly stated aims of the USSR in Cuba, anger 
concerning the treatment of political detainees within the Soviet Union, and considerable 
public and political pressure inside the United States. 

On February 29, 1979, Dr. Robert A. Frosch, the NASA Administrator, updated 
Congress on the Shuttle-Salyut mission. But he had very little to report. NASA had post- 
poned all the meetings of Joint Working Groups planned for the previous year, pending 
further inter-agency reviews. When Dr. Frosch next reported to the Senate in February 
1980, all of the working groups had been in abeyance for a year and a half. The proposed 
Shuttle-Salyut docking mission was “simply at a state where we are in between activities.” 
Whilst some thought was given to holding a meeting in October 1979, this was not pur- 
sued. At the time, the status was described as “an arm’s length agreement that will more or 
less continue.” The Soviet view of the stalemate was that the postponement of the inaugu- 
ral launch of the Shuttle from 1979 to 1981 meant the joint mission could not be scheduled 
until the middle of the decade. 

Having started with much promise in 1977, the proposal quietly slipped out of the 
limelight. It would be another fifteen years before the idea resurfaced. Although much 
could be speculated about the program had it developed as planned, the slippage in the 
Shuttle program would have pushed any joint missions beyond the operational life of 
Salyut 6 and probably beyond Salyut 7 to its successor. When that was launched into orbit 
in February 1986 it was to act as the core of the modular Mir station...and that is where 
this story comes full circle. 

As for the dedicated Spacelab mission with Russian cosmonauts and experiments, per- 
haps that, too, might have emerged intact had international and political events of the late 
1970s not intervened. 


A RETURN TO SKYLAB? 


At the same time that discussions with the Soviets were officially progressing (but in real- 
ity had stalled) over a joint Salyut-Shuttle mission, NASA was also reviewing the option 
of returning to the Skylab orbital workshop. 


Leaving the Keys Under the Mat 


On February 8, 1974, the Skylab 4 astronauts Gerald P. Carr, Edward G. Gibson and 
William R. Pogue, floated into their Apollo at the end of a record breaking 84 days in space. 
With the hatches closed, the last crew to occupy the space station left behind a “bag of 
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items" that served as “a time capsule" for any future visitors to the OWS. It was one of the 
unused white urine stowage bags, tied close to the hatch. Inside were photos and a checklist, 
among other items. Commander Jerry Carr informed Mission Control that they had left the 
“keys to the station under the front door mat.'?! No formal return mission was planned, but 
the SL-4 crew had closed, but not locked, the airlock hatch to permit entry to Skylab. 


Marshall’s Skylab-Shuttle Plans 


At the time, it was expected that the unmanned workshop would stay on-orbit until at least 
1983, whereupon the slight but incessant drag would erode the orbit sufficiently for it to 
fall into the atmosphere and burn up. 

On June 10, 1977, John H. Disher, the former Skylab Deputy Director and now NASA’s 
Director of Advanced Programs, asked the Marshall Space Flight Center (MSFC) in 
Huntsville, Alabama, which had built Skylab, to undertaken an in-house study into the 
feasibility of reusing it. The engineers analyzed the condition of the station and the pos- 
sibility of its being renovated in the early 1980s. On November 16 the results were pre- 
sented to Associate Administrator for Space Flight John F. Yardley. 

The proposal was for a four-phase plan to reactivate the station. Phase-I required an 
immediate decision to re-boost the station to a higher orbit in order to extend its orbital life 
until about 1990. This would be followed by a ground-initiated reactivation test that would 
be conducted on the OWS between June 1978 and March 1979. If these actions were suc- 
cessful, it was intended that the fifth (of six) orbital flight tests planned for the Shuttle 
would rendezvous with Skylab in February 1980. After finishing a fly-around to inspect 
the condition of Skylab close up, the Shuttle crew were to deploy an unmanned vehicle 
from the payload bay. Controlled from the flight deck of the Shuttle, this would use an 
Apollo-type probe to dock at the axial port on the vacant station, fire its thrusters to raise 
the orbit of the OWS, then undock to clear the port for further use.” 


Shuttle-Skylab Phase-IT 


Phase-II of the reactivation plan would involve using special refurbishment kits to bring 
Skylab back on-line. This hardware including a 25 kW Power Module (PM) which had 
solar arrays, and a Docking Adapter (DA) 10 ft (3.48 m) in length to enable a Shuttle to 
dock. Since Skylab had an Apollo-type drogue, the DA was to have an Apollo probe at one 
end and an ASTP-type androgynous docking unit at the other end to accommodate the 
Shuttle.” 

Two Shuttle missions were planned for Phase-II. The first, in January 1982, was to 
carry the initial refurbishment kits and the DA. Shuttle astronauts would perform EVAs in 
order to stow two of the four solar arrays on the Apollo Telescope Mount to improve the 
docking clearance for future visiting Shuttles. They would also retrieve a meteoroid exper- 
iment left on the ATM eight years previously by the SL-4 astronauts. The second Shuttle 
mission would bring more refurbishment kits and the crew would make repairs to the dam- 
aged Skylab cooling system. The astronauts were to do some “simple passive experi- 
ments,” although exactly what those might be was not defined. The plan was also to 
retrieve samples of the station’s structure for analysis on Earth to study the effects of 
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spending a decade in low Earth orbit. A detailed analysis of these samples would, it was 
suggested, help the designers of future spacecraft better understand the deterioration of 
materials over a period that equated to 58,400 day/night cycles. 

All of this work would have provided valuable information for future programs and in 
advance of any follow on stations. For example, Mir completed some 87,600 cycles during 
its fifteen years on-orbit. Similarly, the Hubble Space Telescope had, by the time of its 
final servicing mission in May 2009, completed over 110,900 day/night cycles since its 
deployment in April 1990. This work is ongoing with the ISS. Since it was launched in 
November 1998, the Zarya module had endured over 102,000 day/night cycles in the 
seventeen and a half years to May 2016 (when this chapter was written). 


Shuttle-Skylab Phase-III 


The third phase of the program would see the delivery of the PM in March 1984. This 
featured three androgynous docking units. In a procedure similar to that which would 
eventually be used with the Unity Node of the ISS, the robotic arm would lift the PM off 
its payload bay supports, flip it end over end, and mate it with the androgynous unit located 
in the front of the payload bay. The crew would maneuver the Orbiter to mate the docking 
system at the far end of the PM with the DA on the orbital workshop. The RMS would then 
deliver the final refurbishment kits. The astronauts would deploy the two PM solar arrays 
and its thermal radiators and link up the new arrays to the Skylab power system either by 
passing cables through open hatches or externally by an EVA. Finally, the Control Moment 
Gyros (CMG) of Skylab were to be powered up and the faulty attitude control system 
replaced. When the Shuttle departed, the PM would be left on the DA, which would still 
have two docking ports available for future visiting craft. At this point, NASA would 
proudly declare the OWS open for business again a decade after the SL-4 residents had 
departed in their Apollo spacecraft. 

Phase-III would continue with a series of 30-90 day missions docking at the DM. 
Each of these Shuttles would carry a Spacelab module in its payload bay and would 
require the Orbiter to draw electrical power from Skylab. It was not intended for the 
astronauts to live entirely in the OWS, since they would retreat to the comfort of the 
Orbiter when off duty, but they would use the cavernous OWS in which to carry out 
experiments, test new EVA equipment, or evaluate ways of performing construction tasks 
in weightlessness. Additional supplies would be delivered by successive visitors to accu- 
mulate reserves and stores, new experiments would be installed and, whenever feasible, 
selected originals would be revived. Between Shuttle visits, the OWS would be operated 
in an unmanned mode. 

In their report, the Marshall engineers offered no specific plans for Phase-IV, other 
than the installation of externally mounted modules and pallets (very likely resembling 
the pressurized European Columbus and Japanese Kibo laboratories and unpressurized 
stowage platforms which were later developed for the ISS). Future ideas to expand the 
all-new Skylab included an OWS robotic arm, larger power modules, and attaching an 
expended Shuttle ET that would be pressurized in order to expand the habitable volume 
to accommodate more ambitious space construction tests. The study also suggested that 
an additional floor could be installed in the upper part of the OWS to provide a second 
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wardroom to allow up to nine astronauts to live and work aboard the station. Perhaps a 
manned residency without an Orbiter in attendance might be possible. The exact details 
were not forthcoming, but this would have required devising a method of rescuing the 
crew in an emergency, as there would likely be no stock of Apollo spacecraft available. 
Of course, a rescue would be simpler if the international situation had permitted Soviet 
participation because their Soyuz would have been able to serve that role, as it would later 
do with the ISS. 

In addition to detailing the refurbishment and reuse of Skylab, the Marshall study 
included preliminary costing for Phase-II and Phase-III. The prediction was for a six-year 
program of funding between FY 1980 and FY 1985, the closeout year. Phase-II would 
cost around $14 million and Phase-III $41.2 million; a total of $55.2 million. This was 
without the first and final phases and, significantly, without the cost of the Shuttle flights 
to transport apparatus and crews to the station. As space writer David S. F. Portree stated 
in an article on the MSFC proposal, the engineers perhaps gave “an optimistic price tag" 
for the program. 

After seeing the results of the study on November 16, 1977, John Yardley ordered fur- 
ther in-house and contractor studies in FY 1978 by McDonnell Douglas under the supervi- 
sion of JSC and by Martin Marietta under the supervision of MSFC, with each contact 
worth $125,000 across nine months.”* 

On March 31, 1978, NASA issued a supporting Fact Sheet about the Teleoperator 
Retrieval System that was to either re-boost or de-orbit Skylab in 1979.7? 


Teleoperator Retrieval System 


The NASA Administrator ordered development of the Teleoperator Retrieval System 
(TRS) in October 1977, with Marshall assigned to manage the project. Martin Marietta 
was hired the following month to design the device. The idea had been under study by 
NASA since the mid-1960s and its projected long range applications included payload 
survey, stabilization, and retrieval and delivery. The proposed design featured a central 
core structure that had its own propulsion systems and attachments for as many as four 
*strap-on' motors for additional propulsion as required. It would also have a 24-nozzle 
attitude control system to provide six degrees of freedom, with control through either pre- 
programmed instructions or by a Shuttle crewmember on the aft flight deck of the Shuttle. 
The astronaut would use dedicated controls and monitors to remotely operate the unit 
manually via a TV system located next to the docking equipment. 

For the Skylab re-boost mission, the Shuttle would rendezvous with the OWS and the 
TRS would be deployed from the payload bay. It would flown across to the station and 
docked at the axial port using an Apollo probe. Then the TRS would return Skylab to its 
correct attitude so that the four strap-on motors could fire either to re-boost or de-orbit it. 
The analysis estimated that two burns of 13.5 min would be required for a re-boost mission 
and one long burn of 27 min for de-orbit. Following the burn, the TRS would undock from 
the OWS and be put into orbital storage until it could be retrieved by a subsequent Shuttle 
mission. One possible future use of this vehicle was to install robotic arms on its core ele- 
ment in order to enable it to assemble large structures in space. 
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An artist’s impression of the Skylab re-boost proposal using a Teleoperator Retrieval System 
deployed from a Space Shuttle. 


Abandoning Skylab 


By late 1977, engineers at NASA JSC had reviewed the condition of Skylab on-orbit and 
the current status of the Shuttle, and had decided that it would not be practical to attempt 
any type of rendezvous prior to the fifth orbital flight test, which at that time was expected 
in late 1979. The Shuttle had yet to fly in space, but good results were coming from the 
ALT flights that year. At this point, no serious studies of docking a Shuttle with an inert 
space station had been undertaken. 

When official approval of the mission was given in September 1977, the Sun was more 
active than predicted. When the SL-4 crew left Skylab in 1974 the peak of solar activity, 
which would cause the upper atmosphere to inflate, was predicted to occur in 1980-1981. 
The consequence of this new data meant that the total drag on the OWS would increase 
much sooner, advancing its re-entry if no action was taken to prevent that. The entire pro- 
gram was now in a race against time and on a very tight schedule.” 

In March 1978 NASA named the two-man crews to fly the first four of the planned six 
OFT missions. The third mission, which was the one most likely to be assigned to visit 
Skylab, would have Fred W. Haise as Commander with Jack R. Lousma as Pilot. They 
would be backed up by Vance D. Brand and C. Gordon Fullerton. The plan was for the two 
astronauts to fly Columbia (the only Orbiter that would be available) on a four day rendez- 
vous with Skylab. But the development of the Shuttle was running very late and as time 
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passed there was only a 50:50 chance that the mission would be able to meet the proposed 
launch date of September 28, 1979; or indeed that Skylab would still be in space. Further 
development problems slipped the inaugural launch into 1980 at the earliest and that of the 
third mission to later that year, perhaps even into 1981. 

In December 1978, after new NORAD predictions estimated that Skylab would re-enter 
the atmosphere in July-August 1979, clearly placing the re-boost mission beyond reach, 
NASA announced that there would be no attempt to revisit it and suspended the develop- 
ment of the TRS. 

On July 11, 1979, after completing 34,981 orbits and traveling 930 million miles during 
6 years 1 month and 27 days, Skylab re-entered the atmosphere and broke up. 

By the end of the year, all thoughts of having a Shuttle dock with a Salyut station in the 
middle of the decade were in abeyance, and the Shuttle, which was still to make its first 
orbital test flight, would have to wait another sixteen years to visit a space station. 
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Once rocket craft capable of ferrying loads to and from the 
terminal orbit have been successfully demonstrated, the 
building [of a space station] is estimated to last ten years. 


Kenneth W. Gatland and Anthony M. Kunesch, 
from Space Travel, 1953 


Contrary to what some may think, the use of a ‘rocket craft’ to carry payloads to and from 
orbit in support of assembling a space station is not a recent suggestion; indeed from the 
quote above the idea is at least six decades old, and probably much older. It was perhaps a 
little optimistic that once a vehicle had been developed, it would take a decade to achieve 
the assembly of a space station. It would take far longer than that, and there would be 
many twists and turns on the way, before a Space Shuttle left the launch pad and headed 
for a station in space. 


NASA's “all-electric flying machine" 1981-1986 


The Shuttle concept was proven during its inaugural mission in April 1981 and its second 
mission seven months later in November, on which occasion the RMS was exercised for 
the first time. These flights gave NASA the confidence to plan future missions, but there 
remained much to be fully understood about the system. Despite being declared opera- 
tional after four (instead of the initially planned six) OFTs, the Shuttle system could never 
be truly classified as ‘operational’ due to its developing systems, regular need for mainte- 
nance and upgrading, and its ever increasing cost of preparation. A case in point was the 
X-15 rocket-powered aircraft program that flew 199 missions between 1959 and 1968 but 
was only ever classed as a research vehicle, never an operational aircraft. Even prior to the 
loss of Challenger in 1986, military interest in the Shuttle was declining, and after the 
resumption of flights in 1988 the commercial applications of the Shuttle seemed unlikely 
to occur in the way that was optimistically envisaged when the system was conceived. 
As events transpired, the emphasis switched to studying how materials behaved in weightless 


© Springer International Publishing AG 2017 36 
D.J. Shayler, Linking the Space Shuttle and Space Stations, 
Springer Praxis Books, DOI 10.1007/978-3-319-49769-3 3 


Shuttle Supports Space Station Freedom 1984-1992 37 


conditions, how humans adapted to that environment, employing instruments to look down at 
Earth, dispatching probes into deep space, and most famously launching and servicing the 
Hubble Space Telescope. But in parallel, much time was devoted to developing the technolo- 
gies and procedures that would be needed to assemble a large space station, ideally with inter- 
national partners. This was in accordance with the original rationale for creating the Shuttle. 

On July 18, 1988, four years after formally authorizing NASA to construct a space sta- 
tion, President Reagan assigned the program the name of ‘Freedom’ as a symbol of the 
values shared by America and its partners Canada, Europe, and Japan. This vision sur- 
vived the major shake-up of the program in the early 1990s and continues today in the 
name of the International Space Station, with Russia having joined the partnership. But it 
was a long and difficult journey. 


SHUTTLE SUPPORTS SPACE STATION FREEDOM 1984-1992 


By 1970, it had become clear to NASA that it would not be given funding for both the 
Space Shuttle and a space station. The agency's preference may well have been for a space 
station but that would have required a vehicle to launch the components, support the 
assembly, and then sustain the facility. There would be more support for the Shuttle first, 
because it would conduct a variety of other missions and meet national launching require- 
ments to support goals planned for the 1980s and 1990s. 

In hindsight, the decision to go-it-alone with the Shuttle proved fortuitous, despite the 
setbacks, because it gave NASA the flexibility inherent in the Shuttle's design to maintain 
a presence in space through the 1980s and into the 1990s. With the station deferred, the 
Shuttle would be available to assemble a station in parallel with its other planned missions 
without requiring a dedicated new launcher. Almost from the start, therefore, the Shuttle- 
launched space station concept became key to the design of the station. Barring any radical 
change of mind or of technology, the design of any space station would have to stay within 
the operating capabilities of the Shuttle. This meant the individual components of the sta- 
tion would have to be compatible with the size of the payload bay.'? 

When a large space station was proposed as a possible follow-on program to Apollo, 
the design measured 33 ft (10.06 m) in diameter and would be launched by a Saturn V into 
an orbit of 250 nautical miles (463 km) inclined 55? to the equator. It would have had a 
crew of twelve. Yet NASA saw this as just a stepping stone toward space bases that would 
have crews of up to a hundred. These bases would operate a partial zero-g environment as 
well as offering artificial gravity, and would have nuclear reactors for power. 

By 1972 things had changed considerably, with the focus now on modular designs that 
used solar arrays for power and were sized to fit in the payload bay of the Shuttle. The 
launch limit at that time was envisaged as 20,000 Ib (44,100 kg) and the plan was for one 
mission per month to the station and a resupply interval of 120 days. 

This modular design was the first space station concept to feature components or mod- 
ules that would be transported and assembled by the Shuttle and its crew. These studies 
would later evolve into the proposal for a Research Application Module to be carried to 
and from orbit in the payload bay of the Shuttle on short missions lasting a week. This 
concept subsequently became the European-developed Spacelab research module with 
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An early space station assembly concept (top) and the 1986 Dual Keel configuration. 


(Courtesy British Interplanetary Society) 
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pressurized and unpressurized components, and in due course led to the European 
Columbus Laboratory that is now part of the ISS. 

The space station concepts changed many times during the 1970s and early 1980s, but 
many still required the Shuttle to launch the modular elements. Following the loss of 
Challenger in 1986 the decisions to increase safety checks, reduce the annual flight rate, 
reduce the payload capacity, and avoid complicated EVA activities, all served to diminish the 
prospects of the space station (by then called Freedom) achieving orbit in its original configu- 
ration. As the USAF cut back its participation, many of the planned science flights were 
delayed or canceled outright. However, the concept of the Shuttle launching elements of a 
space station remained firmly in the planning documentation. Shuttle crews would have to be 
tasked with assembling such a station across multiple EVAs, and once the assembly was com- 
pleted the Shuttle would be the main logistics and resupply vehicle for station operations.^ 


Artwork from 1992 showing a Shuttle docked to Space Station Freedom. Note the Spacelab 
Long Module (LM) and Extended Duration Orbiter (EDO) pallet in the open payload bay. 
(Courtesy British Interplanetary Society) 
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A Fifth Orbiter? 


A key issue to resolve was that of funding, the first step of which was addressed in the 
annual presentation by NASA to the White House Office of Management and Budget 
(OMB). As part of its 1984 Fiscal Year request, which was actually made in 1982, the $30 
million sought for the space station was not the largest “new start” project. It was dwarfed 
by the $200 million that NASA hoped to receive to buy a fifth Orbiter. This was enthusi- 
astically supported by the Air Force, which expected the Shuttle fleet to be expanded in 
order to meet the planned increase in the deployment schedule of military satellites. 

But NASA Administrator James M. (‘Jim’) Beggs knew that this was becoming a dif- 
ficult financial year; in fact, potentially the first of several. Analysis had indicated that 
there would not be support for both new-start projects. Beggs was confident of gaining 
funding for one of them But the station was awarded $28 million to be split equally 
between Fiscal Years 1984 and 1985. NASA augmented space station planning by redi- 
recting funds from other programs. It had been doing this for over twenty years, even 
without formal approval to build a station. The situation was similar to the way in which it 
secured funding for Skylab, initially called the Apollo Applications Program (AAP), when 
NASA realized that it would seriously jeopardize funding for the Apollo lunar effort if 
AAP was promoted as a new-start project rather than a reassignment of existing Apollo 
hardware to achieve different goals. 

The other compromise was the authorization to spend $100 million on spare parts for 
the existing four Orbiters rather than build a fifth vehicle. This decision became critical to 
the program several years later, after the loss of Challenger, when these “spare parts’ were 
commandeered to build the newly authorized replacement Orbiter, OV-105, later named 
Endeavour. 

By the late 1990s, OV-102 Columbia was deemed too heavy to carry major elements 
for assembling the ISS, so the availability of Endeavour was key to the assembly of that 
facility, along with Atlantis and Discovery. Endeavour flew STS-88, the first American 
assembly mission, and without it the ISS wouldn’t have been able to be built as rapidly, if 
at all. 

The addition of Endeavour allowed NASA to operate a four-Orbiter fleet, until the loss 
of Columbia in 2003. Because the option to fabricate a second set of spares after Endeavour 
was built was never pursued there was no realistic prospect of building an OV-106 to 
replace Columbia. And contrary to the hopes of continuing to upgrade the Orbiters, it was 
decided that after the three surviving vehicles had finished the ISS in 2011 the Shuttle 
would be retired.” 


Modifying the Orbiter to Support Space Station Freedom 


The decision that Space Station Freedom (SSF) should be launched, assembled, and 
serviced by the Shuttle required a series of modifications to the Orbiter to ensure that the 
vehicle could support this plan. These modifications were dependent in part on the final 


"Although Columbia was not involved in the assembly of the ISS, it was intended that this Orbiter 
should fly utilization missions to the completed station. 
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design of the station. During the late 1980s that configuration kept changing, so there 
had to be significant coordination between the Space Shuttle Program Office and the 
Space Station Program Office to identify and settle integration issues. The ISS has 
received visits by a variety of spacecraft over the years, including the Shuttle, but over 
twenty-five years ago the Shuttle was the main vehicle to achieve most of the assembly 
and servicing of SSF. 

By the early 1990s, even as serious doubts were being raised concerning the cost- 
effectiveness and complexity of the Freedom design, the Shuttle program had to be reor- 
ganized to take account of the many missions associated with its assembly and the 
development of unique hardware that would be required to achieve the intended goals. 
Some of the plans and procedures were revealed in a number of conference papers and 
technical reports issued during the late 1980s and early 1990s, and provided an insight into 
the huge workload being undertaken to ensure the Shuttle was ready to support the space 
station project, even if the politicians and budgets weren't. 

A key issue in preparing the Shuttle to mate with Freedom was that the mass of the sta- 
tion would grow beyond that of the Orbiter during the assembly phase. NASA had experi- 
ence of docking vehicles of similar masses, but the projected size of the station raised 
questions concerning the differences in both the masses and the locations of the centers of 
gravity of the Orbiter and the station. At that time (1992) there were plans to utilize two 
separate methods of berthing an Orbiter at the station. The Shuttles which flew to the ISS 
were designated as Assembly Flights, but for Freedom they were to be called Mission 
Build (MB) flights. For the first five Mission Build missions the robotic manipulator would 
be used to ‘berth’ the Orbiter to the station. From MB-6 onward a docking system would 
be used. It was intended to modify all four Orbiters (Columbia, Atlantis, Discovery and 
Endeavour) for both assembly and utilization flights. The most significant work involved 
developing the docking system and upgrading the RMS. 
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Detail of the Berthing System for Shuttle Mission Build flights MB-2 to MB-5. 
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Berthing with Freedom: With the Orbiter flying in close proximity to the station, the 
Commander, working at the aft flight deck controls, would null out any relative motions to 
adopt an appropriate station-keeping position. The RMS operator would then use the arm 
to grapple the Unpressurized Berthing Adapter (UBA) attached to the station's Mobile 
Transporter. To secure the Orbiter to the station, trunnions on the UBA would be locked 
into the payload bay. This attachment would use standard payload retention lightweight 
active latches, a keel latch, bridges and v-guides. Although spacewalking would be possi- 
ble in this configuration, a crew transfer to the station would not have been feasible because 
the system was unpressurized. The process from concluding the rendezvous to achieving 
the berthing was expected to take about 90 min (one orbit of Earth), and it would be 
assisted by a TV camera on the keel and a target for the Crew Optical Alignment Sight 
(COAS) on the flight deck. 

To achieve this method of berthing, the software for the RMS would have to be modi- 
fied to raise its ability to maneuver payloads from 65,000 Ib to 270,000 Ib. This upgrade 
included the Position Orientation Hold Selection (POHS, spoken as ‘Posh’) that was 
designed to limit un-commanded motions and thus save time in berthing and assembly 
operations. 


Power transfer: In the early MB-2 and MB-3 flights the Orbiter was expected to provide 
electrical power for the initial power-up of the station. To accommodate this, two Auxiliary 
Power Control Units (APCU) were to be located in the payload bay to convert the 28 volt 
direct current of the Orbiter's power supply to the 120 volt direct current for the station. 
The transfer would employ the Remotely Operated Electrical Umbilical (ROEU) carried 
on a longeron bridge on one wall of the payload bay. This would also handle electrical and 
data interfaces between the Orbiter and the station. It was designed to be mated or demated 
on command from the aft flight deck. 


Docking: The system devised for Freedom was later employed for Shuttle-Mir and Shuttle- 
ISS. From MB-6, the ASTP-type docking system would physically hard mate an Orbiter 
to the station. This was initially to occur at Node 2 but after MB-7 it would have been 
relocated to Laboratory A (which would evolve into the Destiny Laboratory developed for 
the ISS) and the process from rendezvous to docking was to have taken about 26 min. To 
enable pressurized docking, the airlock of the Orbiter would have to be removed from the 
mid-deck, modified, and reinstalled in the payload bay, with the Orbiter Docking System 
mounted on top. To prevent this revision from increasing the structural loads placed on the 
hardware and vehicle at the time of docking, the external airlock and docking system was 
to be installed within a trunnion structure to absorb the loads and support the structure by 
means of truss attachment points and a keel trunnion. To connect the mid-deck to the new 
structure a flexible bellows transfer tunnel (akin to that of Spacelab) was envisaged. These 
modifications were expected to be made either during scheduled maintenance for the 
Orbiters or specially extended processing flows. 

While the Orbiter was berthed at the station, EVA would be possible either through the 
Orbiter airlock in the payload bay or from a dedicated airlock (which became Quest on the 
ISS) on Freedom. Because the docking system included direct electrical and data inter- 
faces in its mating rings, there was no further requirement for the ROEU system. 
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Stretching the Shuttle for Freedom: By the early 1990s, studies were underway to enable 
the Shuttle to remain docked at Freedom for up to 45 days. In part, this work centered upon 
extending the orbital life of the Shuttle by installing an additional set of cryogen tanks on 
a pallet that would be mounted at the back of the payload bay for the fuel cells that pro- 
vided electricity, or perhaps by the deployment of large solar panels. What emerged was 
the Extended Orbiter Program. This would also allow independent missions lasting 14-18 
days.’ Other additions included modifying the pipework and installing a shutoff valve to 
achieve potable water transfer to Freedom using a manual IVA and EVA connect and dis- 
connect system. There were plans for a pair of Orbiter Power Conversion Units (OPCU) 
to be installed in the payload bay to convert the 120 volt direct current of Freedom to the 
28 volt direct current of the Orbiter by means of a power transfer using the umbilicals in 
the docking system. Of course, the downside of adding all this apparatus to the payload 
bay would have been a reduction of the volume that was available to payload and an 
increase in the launch mass of the ‘basic’ Orbiter without a payload. 

Other modifications included installing a new waste collection system, adjusting the 
transfer tunnel fixtures to better support the Spacelab module and reduce the docking loads 
on the laboratory, plus a major upgrade of the avionics systems. Improvements were also 
planned to increase to the capability of the Shuttle Main Propulsion System (i.e. SSME, 
ET & SRBs) to provide more lift for the larger and heavier payloads that would be neces- 
sary during the assembly of Freedom, and to compensate for the new systems on the basic 
vehicle. Although not all of these modifications made it to flight status, many were incor- 
porated into the fleet during the 1990s and 2000s. 

Despite the clear challenges that faced the Freedom program, the extensive use of the 
Shuttle to assemble and maintain it was underlined in a 1992 conference paper, “[SSF] 
represents a substantial portion of the Space Shuttle Flights manifested through the next 
decade. Space Station Freedom is crucial to the United States and international manned 
space programs. These modifications to the Space Shuttle are fundamental requirements 
for the success of SSF assembly and operations.” These words could also be said of the 
Shuttle’s role in the subsequent ISS program. 


Within the Confines 


All the pressurized modules and truss elements of Freedom (and later the ISS) had to be 
designed for carriage inside the Shuttle’s payload bay at launch. A great many changes 
were made to the design during the 1980s, but the configuration remained centered on a 
truss structure that would support solar panels and to which would be attached a variety of 
laboratory and habitation modules. 

The planners predicted that at least seven Shuttle flights would be required during calen- 
dar year 1992 to achieve a permanent manned capability on the station. On the first flight, 
the crew would assemble four solar panels and the associated structures, plus the station’s 
own robotic manipulator arm. The second flight would add further support structures and 
radiators. The third flight would see the Shuttle crew install a habitability module capable 
of supporting a preliminary SSF crew of three residents. The second habitation module 
would be installed on the fourth flight (permitting the permanent crew to increase to six), 
together with exterior platforms to support future experiments. The fifth flight would install 
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additional solar panels to raise the station's power generation capability to 75 kW. It would 
also add a logistics module. This was intended to be replaced every 90 days. Flights six and 
seven would each add a science lab to the structure. Further modules, trusses, arrays, and 
appendages would be added over the next few years. 

This plan presumed sustained and adequate funding, no schedule delays, and that 
everything would work as intended. But for Freedom reality would never match this ideal. 
Alongside the delays to the broader Shuttle program, mainly due to the loss of Challenger, 
the design of the station became more complicated and far too expensive. By the early 
1990s, with nothing having been built, the project was facing cancellation unless some- 
thing could be done quickly to rescue it. The redesign and the inclusion of Russia as a full 
partner saved the newly renamed International Space Station program. The story of the 
ISS and its checkered background has been covered in books listed in the Bibliography. 

However, there was one other aspect of Space Station Freedom that was reliant on the 
Shuttle, and this was carried over to the ISS program. During the 1980s, a number of stud- 
les, simulations, and evaluations investigated the EVA workload that would be required to 
assemble a large structure on-orbit, particularly regarding the Shuttle EVA concept. Many 
of these studies were related to a long-term program at NASA known as Large Space 
Systems Technology, which was mandated to "develop the technology to enable and 
enhance Shuttle-compatible large space systems." These systems included large antennas, 
space platforms, assembly apparatus and devices, surface sensing and control, stabiliza- 
tion and control, and also integrated analysis and design. The resulting study reports were 
discussed at numerous conferences.® 


Large Platform Assembler - An Orbiter Mounted Configuration 


Several studies recommended using tetrahedral trusses for assembling large structures in 
space, either attached to an Orbiter or as free-flying structures. These concepts were the basis 
for the space station truss assembly. The assembly of such structures in space when the 
Orbiter's payload bay was insufficient to hold the full sized units would be a challenge. 

In January 1979, the Lockheed Missile & Space Company was awarded a contract 
called *Development of Assembly and Joint Concepts for Erectable Space Structures." 
This was initiated by NASA's Langley Research Center in Virginia to investigate the tech- 
nologies that would be required for on-orbit assembly of tetrahedral trusses made from 
composite tapered and nestable columns. 

The Marshall Space Flight Center in Alabama provided practical experience of assem- 
bling such structures by undertaking a series of underwater tests, sessions in aircraft flying 
parabolic arcs, simulators providing multiple degrees of freedom, and computer modeling. 
Four major simulation exercises were carried out during Fiscal Year 1980 along with the 
Massachusetts Institute of Technology. Part of the program used the neutral buoyancy 
simulator and robotic arm at Marshall to evaluate deploying a Vought-designed truss struc- 
ture, with other data from tests aboard “zero-g” aircraft. After flights on May 6—7 and June 
9-13 (LSS Part Task Assembly Test), underwater tests were conducted between July 7-31 
(Underwater Simulation of EVA Assembly), August 11—27 (Fabricated Beam Assembly), 
and also September 2-October 8, 1980 (Electrical-Deployable Concepts). The initial 
results were encouraging and resulted in the assignment of the EASE-ACCESS space- 
walking tests to STS-61B in 1985 and of ASEM to STS-49 in 1992. 
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An artist's impression of one of the many concepts for constructing Large Space Structures 
using the Shuttle Orbiter as a support vehicle. (Courtesy British Interplanetary Society) 


Shuttle Design Considerations in the Development of Large Space Structures 


During the November 1980 Large Space Systems Technology conference held at NASA's 
Langley Research Center, a paper delivered by John A. Roebuck Jr. of the Space Operations 
and Satellite Systems Division at Rockwell listed the key factors influencing the design of 
large space systems (which would still be relevant for ISS components twenty years later). 
These factors formed part of the Space Construction Systems Analysis Study contract 
(NAS9-15718) undertaken by the company for the Spacecraft Design Division at JSC. One 
year before the first flight of the Shuttle, and despite the fluidity of its development, this list 
would form the basis of the constraints and considerations (supported by associated Shuttle 
reference documents) that defined precisely what the Orbiter, its resources and astronauts 
would be capable of in terms of assembly, construction, and servicing techniques. 

These key factors were presented in six sections. The first was an overview of the pay- 
load accommodations in terms of Orbiter services. The report stated, “The extent and 
range of services represent truly remarkable technology advancement." But there were 
concerns about the number and complexity of direct interactions which would be required 
with the Orbiter. Most of the Shuttle's planned missions were intended to be short-duration 
science flights, or satellite delivery and retrieval operations. Whilst the original concept for 
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the Shuttle was linked to space station construction, the change in the spacecraft’s remit 
once the station was eliminated from long-term planning led to changes in its facilities and 
accommodations. This issue was expected to be addressed once the construction of large 
structures on-orbit was placed back on the manifest. 

Eighteen years before the construction of the ISS started, the report recognized the flex- 
ibility of the Shuttle’s design and its capability to support multiple roles, “Space construc- 
tion may use the Orbiter as a truck, an office, a construction control base, a crane, a housing 
and food service facility, a communications facility, and a power generation unit.” 

The second section considered any limitations that might be imposed on the Shuttle in 
planning missions to assemble large structures. These included the highest attainable alti- 
tude and steepest orbital inclination for the construction, as well as launch windows, the 
ascent and descent timelines and profiles, orbital decay complications, any ionizing radia- 
tion in that environment, and the thermal condition of the Orbiter prior to descent. 

The third section examined methods for packaging the construction payload (or other 
hardware) for safe on-orbit delivery. Most (if not all) designs for large space structures, 
and particularly the station, were much larger than the payload bay. For the Orbiter to 
serve as the construction and assembly vehicle, the elements would have to fit into the 
payload bay and also be capable of being deployed, extended, and expanded on-orbit. This 
basic physical restriction would mean that multiple flights would be required in order to 
complete any large construction. A further issue was the limited reach of the RMS, since 
alternatives would become necessary as the structure grew. This section also commented 
upon several other parameters that would influence both the size and configuration of the 
structures that could be built outside the Orbiter or deployed from its payload bay. For 
example, the availability of power and the volume inside the crew compartment to support 
that work. The Shuttle launch mass and Orbiter landing mass would have to be calculated 
to remain within safety and feasibility guidelines, and the spacecraft's center of mass must 
remain within geometrical constraints while keeping the payload compatible with defined 
attachment points in the payload bay. 

Of course, not all of the bay was available for *payload.' There needed to be room to 
enable astronauts to exit and enter the airlock and for the various EVA tool boxes, hand 
holds and restraints. The K,-band radar and communications antenna would have to be 
stowed somewhere when the payload bay doors were closed. The RMS required fittings to 
secure it to one of the longerons of the bay. Later missions would need supports and con- 
nections for the Extended Duration Orbiter (EDO) pallet of cryogens. There would have 
to be sufficient room for the Spacelab pressurized and/or unpressurized modules and 
related tunnel. And of course, there would be the docking system. Connections for servic- 
ing the Orbiter had to be accessible for processing on the ground prior to launch. In retro- 
spect, it was lucky that the Air Force had obliged NASA to fit such a large bay, as otherwise 
there might have been no room for actual payload! 

Section four addressed the geometry of space construction, including the total reach of 
the RMS arm, the fields of view from the aft flight deck and overhead windows, the pay- 
load bay cameras, and the star tracker. Any obstructions by support equipment and 


"Its role as a bathroom facility was tactfully overlooked. 
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attachment points, and any fitted pallets, cradles, docking systems and other kit would 
have to be identified and logged. Of direct relevant to space station assembly missions 
were the stresses on Shuttle materials during docking, the allowable limits of strain and 
motions in the docked phase (especially during orbital re-boost maneuvers), on plume 
impingement, and the availability of power. 

This section also reviewed the investigations into the effects of attitude control on both 
the Orbiter and its payload and/or docking target, as well as communications and thermal 
environment issues pertaining to Orbiter subsystems that might be employed during con- 
struction activities. Other considerations included the thermal effects of the payload bay 
doors being open for longer than a ‘normal’ mission, the corresponding heat dissipation 
via the radiators, the thermal effects on the Orbiter’s control surfaces and the best attitude 
to position those surfaces during docked phases. 

Section five dealt with provisions for the crew, ranging from entering the Orbiter on 
the launch pad through to exiting after landing. Mission planners would have to factor 
in the most effective work-rest cycle, not only taking account of the availability of work 
stations and the very limited sleeping space, but also the galley, the waste management 
systems and any housekeeping duties that would be required to keep the Orbiter flying. 
There would be dozens of routine chores (for example, exchanging lithium hydroxide 
canisters that scrubbed carbon dioxide from the air in the spacecraft) which, while not 
directly related to the assembly and construction work, were nonetheless essential to a 
mission. Stowage and interactions with EVA gear would take up a significant amount of 
time on any mission, and as the program developed the time allocated to tasks such as 
stowing and deploying seats, or doffing and later donning the launch and entry suits 
would have to be factored into the crew’s timeline. The report recognized that in terms 
of construction tasks, “stowage and habitation space could very well be a constraint on 
[already] tight schedules.” 

Some of these concerns would arise in the Shuttle program as it developed over the 
years. From STS-82 in 1997 the airlock was relocated outside the mid-deck, releasing 
additional room inside that was nicknamed The Ditch. The introduction in 1993 of the 
Spacehab augmentation module with extra lockers and stowage, greatly assisted with 
logistics missions to Mir and later the ISS. Later studies of work-space allocation, the vis- 
ibility and access of controls and displays, and various mixtures of crew skills and special- 
izations meant these aspects of crewing were refined over the years. In fact, the list was 
expanded to include cross-training in EVA activities, alternative RMS-trained crewmem- 
bers, and additional EVA teams on a mission in order to share out that load. Steps would 
have to be taken to minimize disturbances to sleep patterns, in particular during multiple 
shifts or missions on which opposite shifts were observed. The latter was experienced on 
the early ISS missions, where Shuttle crews worked on different timelines to the resident 
crew of the station. These concerns were also addressed over time, leading to better man- 
agement of housekeeping duties and attempts to minimize sound levels and the use of 
lights aboard the Orbiter. 

The factors that were examined in the final section of the 1980 study about space con- 
struction activities using the Shuttle were directly applicable to the 135 missions that 
were actually flown over the next thirty years. These included ground operations and 
turnaround at the Kennedy Space Center and at the primary and back-up landing sites in 
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the United States and the contingency landing sites in other countries. These parameters 
not only included preparing an Orbiter for flight and correctly configuring its allotted 
payload, but also ensuring that the processing of all the other elements was on schedule. 


AN INDUSTRIAL SPACE FACILITY 


With Space Station Freedom authorized, the prospect of opening up low orbit to the com- 
mercial world loomed. Several companies gave serious thought to commercial utilization 
of space, not only with Freedom but in other avenues. One such company was Spacehab, 
Inc., which created a payload bay/mid-deck augmentation module for carriage aboard the 
Shuttle. It was originally expected to carry very large numbers of experiments for a variety 
of fee-paying users, but really proved its worth transporting cargo on flights to Mir and 
later (to a lesser extent) the ISS. 

Another company seeking a commercial return was Space Industries, Inc., (SIT). It was 
co-founded by former NASA spacecraft designer Maxime Faget, and its roll call included 
Caldwell Johnson who was chief designer of the US docking system used by the ASTP 
mission and, from 1985, former scientist-astronaut Joseph P. Allen.? 

In 1984 SII signed a Memorandum of Understanding with NASA to design and build 
the first man-tended space platform called the Industrial Space Facility (ISF). Planned for 
launch in 1989 this was not a space station as such, but a smaller outpost which was pro- 
moted as a cheaper and faster program to provide routine access to the microgravity envi- 
ronment. The ISF would be released from the payload bay of the Shuttle to serve as an 
automated laboratory and manufacturing facility. Shuttles would visit it periodically, nom- 
inally twice per year for 7-10 days. The astronauts would collect the results, reload appa- 
ratus, and reconfigure systems. The module was intended to include docking ports to 
expand the facility to as many as six units. Eventually, there would be a life support system 
to host a long-term crew. Each module was 10.67 m long by 4.42 m in diameter and fea- 
tured two solar arrays of 140 sq m capable of generating 20 kW. Passive attitude control 
was to be provided by a gravity gradient boom that would extend 30.5 m below the facility. 
The module featured 31 compatible payload and system racks intended for the space sta- 
tion, and was to accommodate up to 11,000 kg of commercial or industrial manufacturing 
apparatus. This was precisely the kind of commercial exploitation that NASA had hoped 
the introduction of the Shuttle would stimulate. 

Sadly, a down turn in investment in space commercialization during the late 1980s and 
the difficult recovery from the 1986 Challenger accident hampered plans to use the Shuttle 
to directly support commercial ventures. The time was not yet ripe to invest in a commer- 
cially centered space program because the capital outlay was substantial and the return 
was long-term. Despite support from Congress to encourage NASA to look at the ISF as a 
stepping stone while its own space station was under redesign, the agency was not eager 
to divert its already restricted Shuttle funds to the ISF project. When the new ISS partner- 
ship emerged, NASA's single mindedly devoted its efforts to the assembly and operation 
of this facility, and many projects that had been under development for the Shuttle were 
simply stricken from the manifest. As a result, ambitious commercial projects such as the 
ISF fell by the wayside. 
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FROM A CONCEPT TO A REAL PROGRAM 


In the late 1960s, the concept of a fully reusable Space Transportation System gathered 
momentum as a follow-on to Apollo. However, when the lunar program was curtailed, the 
Skylab program was cut back, and NASA's budget slashed, this inevitably affected the 
development of the Shuttle. The grand plan to create an overall space infrastructure was 
reduced to a minuscule portion of its original scope and vision, so much so that the Shuttle 
was the only aspect to survive, at least initially. The space station that had been inextrica- 
bly associated with the Shuttle from the start, was postponed, redesigned, and under- 
funded. When the station was finally authorized in 1984, it was some time before it began 
to receive the funding that it needed, and in truth it never really got as much as necessary. 
NASA's international partners — Europe, Canada and Japan — were naturally frustrated by 
the delays, especially when the fledgling program came to a grinding halt for 32 months 
between the loss of Challenger and the STS-26 Return-to-Flight mission. By then Space 
Station Freedom was in real trouble. 


Turning theory into reality with the Shuttle-Mir docking program of 1995-1998. 
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The plan was saved in the early 1990s only by a major overhaul of the entire project that 
imposed severe cutbacks and, in the end, added Russia as a full partner. Ironically, this 
brought the idea of a Shuttle docking at a space station full circle. Had the political climate 
been more favorable in the 1970s, this docking could have occurred at a Soviet Salyut sta- 
tion. Right from the start, the Shuttle had been meant to build a space station and, once 
Freedom had evolved into the ISS, it would fulfill that destiny. Step by step, mission by 
mission, the Shuttle program provided NASA with essential knowledge in space rendez- 
vous, EVA, and the handling of large payloads using the RMS. The stage was set, with a 
prelude involving Mir prior to the main act that would feature the ISS. 

This was played out over three phases: 


e Phase One: 1994-1997 (which became 1994-1998) envisioned a program of 
between seven and ten Shuttle flights to the Mir space station, including five 
medium-to-long-duration missions by US astronauts (which evolved into one ren- 
dezvous and nine dockings with seven residencies) and at least two flights of 
Russian cosmonauts on independent Shuttle missions. 

e Phase Two: 1997-1998 (in reality 1998-2001) was to launch and assemble the core 
elements of the ISS from the USA, Russia, and Canada to create a station capable 
of supporting a succession of three-person crews without the presence of a docked 
Shuttle but with a Soyuz transport-rescue vehicle in attendance. 

e Phase Three: 1998—2002 (revised to 2002-2004, and eventually 2005-2011) was to 
complete the ISS assembly process, including elements from Europe and Japan. 


Under this plan, America had to rely on Russia not only to allow elements that were 
intended for its planned Mir-2 station to be used as the core to the ISS, but also to fund and 
build the additional hardware and launch it on time. Without the launch of the first Russian 
“control module" and “service module" that would provide the living quarters, further 
assembly and expansion of the ISS would not be able to occur. Clearly, NASA needed an 
alternative plan in case Russia was either unable, or perhaps even unwilling to fulfill its 
commitment to the 1993 agreements." 


SUMMARY 


Whilst primarily American, the space station program that emerged in the mid-1980s 
called for partnerships with the European Space Agency, Canada, and Japan. By the early 
1990s, the better part of a decade had been spent trying to define the design of what been 
named Space Station Freedom, with little tangible result. The program had grown consid- 
erably in both size and complexity as the projected cost increased at the expense of the 
follow-on funding needed to maintain the facility. A major overhaul of the design, its fund- 
ing, and objectives became necessary. It was reduced drastically in both size and planned 
goals, and renamed the International Space Station. The change of name was particularly 
appropriate in view of the fact that a new partner was to join in. 


"See the companion title Assembling and Supplying the ISS: The Space Shuttle Fulfills Its Mission. 


Notes 53 


The Russia that emerged from the collapse of the Soviet Union in 1991 was still in the 
process of finding its feet. The invitation to join the project in 1993 was fortuitous for both 
the space station program and that cash-strapped nation. The Soviets had led the way in 
developing space station operations since 1971, so drawing in Russia to the program was 
logical not only because they could provide hardware, they had over two decades of expe- 
rience in operating stations in space. Russia had the infrastructure, the facilities, and the 
spacecraft. They would provide the core elements of the ISS (using modules originally 
intended for the now canceled Mir-2 that had been planned by the Soviet Union) and for 
which Russia would receive a much-needed injection of funds." 

The first step was to demonstrate the ability of the Shuttle to rendezvous and dock with 
a space station, namely Mir. To support this plan and the ensuing ISS Assembly Program, 
NASA had developed an impressive infrastructure based on adapted Apollo ground pro- 
cessing hardware and systems to support a Shuttle mission. With very little modification, 
these facilities and processes were to prepare to send a series of Shuttle missions to Mir 
and gradually transition toward the start of extensive operations with the ISS. 
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Putting it All Together 


I could see the Shuttle stack — Orbiter, external tank, and 
solid rocket boosters — sitting on the launch pad. Xenon 
lights brilliantly lit the stack. Atlantis was on display. 
What a rocket! Can it get any better than this. 


Jerry Linenger, MS STS-81, from Off The Planet 


Each of the 135 Shuttle missions was painstakingly recorded on film, in audio, by the 
media, and in a wide range of documents and publications. In recent years, stories and 
recollections from Mission Control in Houston have become more readily available but 
one area of Shuttle operations has yet to receive due coverage and explanation. That is the 
story of the events that occur after the touchdown of one mission and lift-off of the next 
mission. The story of ground processing and launch preparation is as much a part of the 
program as is flying in space. Indeed, the activities on the ground would have a direct 
influence on missions, both those which flew and those that were canceled or re-manifested. 
The history of the Orbiters would be incomplete without a detailed account of what hap- 
pened to them in between missions. This chapter addresses some of those ground opera- 
tions for the Shuttle-Mir assembly missions, which also provided useful experience in a 
mixed manifest in preparation for the more complicated processing of the ISS missions. 


FLIGHT PLANNING 


Planning the flights to Mir and the ISS took several years, due in part to the complexity of 
the program but also to the different agendas of the international partners, budgetary 
restrictions, and flying other the Shuttle missions that were unrelated to the joint space 
station operations. 
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The objectives for Shuttle-Mir were listed as: 


e Learning to work with the Russians (operations, joint science requirements, sys- 
tems integration, and hardware integration). NASA had cooperated with the Soviet 
Union for ASTP, but that was over twenty years ago and key personnel had changed 
on both sides since then. 

e Risk mitigation for Phases 2 and 3 (ISS) (operations, environment, EVA, and hard- 
ware exchange). 

e  Long-duration studies (the five planned residencies were to last between three and 
five months each, giving a total of 579 days, about 22 months, aboard the Mir space 
station during 1995-1997). 

e Scientific research (including microgravity cardiovascular, metabolic and neuro- 
physiological investigations, fundamental biology, the processing of materials, and 
environmental monitoring). 


In addition to the work performed during the long-duration residencies by a series of 
NASA astronauts on Mir, the space agency would also gain experience of flying Shuttle 
rendezvous and docking missions with a space station, logistics transfer operations, and 
undocking and fly-around maneuvers, all of which skills would be pertinent to the ISS. 

By December 1994, the plan to undertake seven Shuttle docking missions with Mir 
(with provision for up to ten) had been devised. 

Phase-IA (Increment 1A) included the STS-60 mission that saw the first Russian cos- 
monaut fly on a Shuttle, and the STS-63 rendezvous mission that maneuvered to within 
10 m of Mir (hence its nickname of ‘Near-Mir’) with the second cosmonaut on board. The 
Mir-18 expedition would follow, with an American astronaut joining two Russians on a 
flight to Mir in a Soyuz spacecraft for a 90 day period of residency. The first Shuttle dock- 
ing mission, STS-71, would retrieve this trio, study how their bodies adapted to weight- 
lessness using state-of-the-art equipment in a Spacelab module, and deliver their Mir-19 
successors. 

Phase-IB (Increment 2A) would see STS-74 installing the Russian-built Docking 
Module on Mir, but this time without an American crewmember joining the resident crew. 
Then there would be missions by a series of NASA residents (Increments 2B through 5) 
who would launch and return aboard the Shuttle on subsequent missions: STS-76 with a 
single Spacehab module; STS-79, -81 and -86 all carrying the double Spacehab module; 
and STS-84 with a solar dynamics experiment (which, as events transpired, was not flown 
and was replaced by a double Spacehab module). Each of these missions was to supply 
Mir with additional water and logistics, as well as US experiment apparatus and related 
supplies. Meanwhile the Russians would dock two large modules at Mir, carrying US 
apparatus. There would also be EVAs. On STS-79 spacewalks would be undertaken by US 
astronauts while the Shuttle was docked. On STS-81 there was to be a Russian EVA with 
US experiments either during or after the docked phase, performed either by two cosmo- 
nauts or by a cosmonaut and an astronaut. During STS-84 it was expected that there would 
be EVAs involving a pair of astronauts and a pair of cosmonauts. In the event, only two of 
these EVAs at Mir were completed: STS-76 by two American astronauts and STS-86 by 
an astronaut and a cosmonaut. 
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The Jigsaw Puzzle of Flight Planning 


Launching payloads into space is not easy, cheap, or without risk. Factor in a human crew 
and the stakes greatly increase. Getting everything ready on time and working as intended — 
and doing this as efficiently and safely as possible — is akin to being able to correctly 
predict every spin of a roulette wheel. A space mission is an enormous jigsaw of vital ele- 
ments, and the failure or misjudgment of any element could have disastrous or fatal 
consequences. 

Planning for a mission must take account of the availability of flight hardware. For the 
Shuttle this primarily involved the Orbiters and their readiness for flight, allowing for 
periods of routine maintenance that lasted several months in between flights. Any prob- 
lems experienced with components during the previous missions would have to be 
addressed and the entire program of turnaround would involve detailed servicing, tests and 
rechecks prior to every mission. The additional burden of the Shuttle was that the process 
also included the three SSMEs, the twin SRBs, the huge ET, the RMS, all the EVA appa- 
ratus, the cargo carriers, the crew equipment, miscellaneous provisions, and the propel- 
lants to get the vehicle off the ground. 

Each of the payloads for the Orbiter added further pieces to the jigsaw. They all had 
their own additional inventories of components and required their own program of tests, 
checks, and simulations. Once a payload reached the Cape it was necessary to verify it, 
place it into the Orbiter, and perform compatibility checks. The broader infrastructure for 
the Shuttle included the global tracking and communications teams, the launch and mis- 
sion control teams and their support staff, the experiment principal investigators, the sup- 
pliers, contractors, and creators of the payload and experiments and, once the space station 
program was running, the tons of logistics and supplies to be sent to the current resident 
crew, the next crew, and perhaps the ones after that. In addition there were the safety 
teams, the mission and agency management, the administrative staff, the public affairs 
office, various trainers and controllers, and the flight crew and their CB support people. 
Each mission's ground support effort was also required to cater for and work with the 
families of the crew, who had to carry on with the daily chores back home not only while 
their loved ones were in space but also during the many months of training prior to that and 
in some cases the post-flight studies. Furthermore, families had public relations duties 
such as attending launches and participating in mission events. 

While the contractors prepared hardware for delivery to the Cape, NASA drew up a 
mission plan to use the hardware, slotted it in to the mission schedule and added in the 
contingency options. Meanwhile, the astronauts and controllers would be practicing every 
aspect of the mission, addressing not only what was expected to occur but also the contin- 
gencies for what might occur. 

Assembling such a jigsaw for an ISS mission had to fit alongside the agendas of the 
program and its international partners, match budgetary constraints, and also allow for the 
capricious nature of the weather. In the case of the ISS, planning for each mission had to 
take into account the results of those that preceded it (for example, sometimes tasks had to 
be carried over from one mission to the next) whilst also recognizing that the planning for 
the next mission may depend upon the success of the current one and probably had its own 
limited window of opportunity to launch. 
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Flight Assignment Working Group Planning Manifest, December 14, 1994. The complexity 
of planning the Shuttle-Mir missions using Atlantis along with flights by the remaining three 
Orbiters is shown in this diagram. Orbiter Maintenance and Downtime periods also had to be 
factored into the planning, reducing the availability of Orbiters to just three. These graphs 
were frequently updated as the flight operations unfolded each year. The original artwork was 
of poor quality, but has been included here for illustrative purposes. (From a presentation by 
Program Director Tommy Holloway) 
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TRANSPORT UP 


The international aspect of flight planning for Shuttle-Mir is shown in this diagram, adding to 
the complexity of the preparation to get each mission off the ground. This experience provided 
valuable hands-on knowledge for the imminent ISS assembly. 
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PROCESSING THE HARDWARE 


The 135 Shuttle missions flown between 1981 and 2011 were the ‘visible,’ globally rec- 
ognized element of the program. From 1995 until the end of the Shuttle program, forty- 
seven of these missions were assigned to space station operations, initially with Mir and 
then the International Space Station. The invisible behind-the-scenes part of these mis- 
sions was the activity at facilities on the ground by the hundreds of workers who tested, 
analyzed, prepared, and then re-tested the components that made up each Shuttle. At the 
Kennedy Space Center in Florida, this work was performed under the watchful eyes of 
the Launch Director. 


KSC Launch Directors 


The third Shuttle Launch Director (after George F. Page and Al O'Hara) was Robert 
(‘Bob’) Sieck. His second term (1988—1994) coincided with the beginning of space station 
operations for the Shuttle and included STS-60. He was replaced by James (‘Jim’) 
F. Harrington III (1995-1997), who oversaw the first launches to Mir, STS-63, STS-74, 
and the residency exchanges of STS-76, -79, -81, -84, and -86. At that point David (‘Dave’) 
A. King served in the role for the end of the Shuttle-Mir program and the start of ISS 
operations (1998—2000) with missions STS-89 and -91 to Mir and then STS-101 and -106 
to the ISS. 


Cogs in the Wheel 


It has often been pointed out that the flight crew are just the tip of the iceberg of the mas- 
sive team of men and women across the United States (and internationally) who supported 
or contributed to the Shuttle program. Every member of this team played their part in 
bringing all the elements of the program, the hardware and the mission together to ensure 
that the millions of working parts for each mission functioned as designed when needed, 
as safely and efficiently as possible, for as long as required. Inevitably in this great jigsaw 
of interdependency, systems failure, illness, national holidays, program changes, unpre- 
dictable weather, and innumerable small moments would play their part in messing up 
even the best laid plans and most meticulous of organizations. This was true of all mis- 
sions, but for those involving visiting a space station (or worse, assembling one) it was 
rarely, if ever, for that mission in isolation. This was because the success of any given 
mission was an important element in the planning of those that would follow. 


PREPARING TO FLY 


The preparations for a Shuttle mission began months, sometimes years, prior to the launch 
of the vehicle. Fabrication of the flight hardware and payload shadowed the creation of a 
crew training program and mission planning sequence, leading to the amalgamation of all 
the elements of mission preparations on the pad for the day of launch. 
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An aerial view of LC-39 looking roughly northeast, with the VAB on the right, OPF Bay 1 and 
Bay 2 on the left, and OPF Bay 3 near the far center of the frame. 


While the majority of the behind-the-scenes activities for each Shuttle assembly and 
docking mission lies far beyond the scope of this current title, a summary of the major 
events at KSC can give an insight into the work of hundreds on the ground over many 
years. It can also illustrate how other influences, such as changes to the program, the late 
delivery of hardware, setbacks on previous missions, the health of the crews, and the 
fickle nature of the weather, could drastically influence the primary, contingency, and 
even back-up plans. 


January 1, 1997, Discovery is rolled out of OPF 3 and across to the VAB for temporary stor- 
age in order to make room for Atlantis following its return from STS-81. 
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Processing the Orbiters 


Construction of the main Orbiter Processing Facility (OPF, Bay 1 & 2) specifically for the 
Shuttle began in 1977, with work focusing initially on Bay 1 to support the start of the pro- 
gram. Bay 2 became operational in 1982-1983. The third OPF was initially the Orbiter 
Maintenance and Refurbishment Facility (OMRF) and was built in 1986-1987 to undertake 
major, non-hazardous modifications, rehabilitation, and overhauls of the Orbiters. During 
the down period that followed the loss of Challenger in January 1986, when the military 
Shuttles that were to have been launched from Vandenberg AFB in California were canceled, 
NASA opted to convert the OMRF into OPF Bay 3 drawing upon elements produced to sup- 
port Shuttle operations at Vandenberg. This conversion was done between 1989 and 1991. 
The new facility featured an integral computerized cooling system and internally located 
hydraulic pumps which would ease the ‘flow’ of an Orbiter through the OPF process. The 
construction of the SSME Processing Facility (SSMEPF) as an annex to Bay 3 was finished 
in 1998. It allowed post-flight inspection, maintenance, and checkout of the main engines 
prior to their reinstallation in a vehicle. Initially, all of the SSMEs were made and assembled 
at Rocketdyne at Canoga Park in California, the hot fire tests were conducted at the Stennis 
Space Center in Mississippi, and only the flight inspections were done at the Cape, but from 
2002 the assembly and inspection processes were transferred to the SSMEPF. 

Once an Orbiter returned to KSC and was separated from the carrier aircraft, the first 
task was to tow it to an OPF located within the LC-39 area, to the west and north of the 
Vehicle Assembly Building (VAB). Here, it would be stripped down from its last flight, 
then repaired, upgraded, and serviced in advance of being processed for its next one. 


An Orbiter undergoes processing in the OPF. 


Preparing to Fly 61 


The STS-71 payload consisted of the Spacelab long module, its access tunnel, and the Orbiter 
Docking System. 


The OPF Bay 1 and 2 facilities located to the west of the VAB comprised two large 
concrete and steel High Bays with access stands that adjoined a Low Bay and a service 
and support annex on the north side. OPF Bay 3 was north of the VAB and had a High 
Bay area with access platforms, a Low Bay, offices and a storage area. Each High Bay 
was 197 ft (60 m) long by 150 ft (45.7 m) wide, offering a volume of 2.8 million cu ft 
(79,457 cu m). The Low Bays of OPF 1 and 2 were 236 ft (71.9 m) long and 98 ft (29.9 
m) wide. The Low Bay of OPF 3 was 189 ft (57.6 m) long by 230 ft (70.10 m) wide. It 
included a two-story, 87,000 sq ft (8,082.3 sq m) support facility that included a range of 
processing shops, storage areas, logistics and offices. Each OPF site included a pair of 
hypergolic propellant servicing pads, a pump house and storage for gaseous oxygen 
(GO,) and gaseous hydrogen (GH)). 
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The OPF High Bays were the primary facilities for pre-flight processing and post- 
landing servicing. Work carried out there included: draining and purging all the fuel sys- 
tems on the Orbiter; removing the pyrotechnic ordnance; repairing or replacing damaged 
hardware; detailed inspection and refurbishment of the Thermal Protection System (TPS); 
and inspection and testing of subsystems of the vehicle, including the landing gear, pri- 
mary and auxiliary propulsion systems, power units, hydraulics, flight instrumentation, 
and communications systems. There were also facilities for payload bay configuration and 
testing, and insertion or removal of payloads from the vehicle. 

After recovery of time-critical experiments at the Shuttle Landing Facility (SLF), 
a typical sequence within the OPF would begin when the Orbiter was towed into one 
of the High Bays. Inside the OPF, it would be jacked up and leveled, and the payload 
bay doors opened using rigs to compensate for the presence of gravity. Troubleshooting 
of in-flight problems and a visual examination of the TPS would be conducted in 
parallel with servicing the vehicle, using numerous retractable work platforms. Next 
would be any refurbishment and the installation of any horizontal payloads and asso- 
ciated flight kits. If required, the OMS RCS and Forward RCS pods could be removed 
and taken to the Hypergolic Maintenance Facility in the KSC Industrial Area for 
maintenance. The three SSME were also removed and taken to the SSMEPF for 
inspection and servicing, prior to reinstallation for a future flight (not necessarily on 
the same Orbiter). 

Once the pre-closeout activities were completed (which could include special tests, 
special experiment loading and cover removal) the payload bay doors were closed. The 
Orbiter would then be weighed to identify its center of mass and thus provide accurate 
measurements for mission flight programs. Then it was towed to the VAB for vertical 
mating with the SRBs and ET on a Mobile Launch Platform. Typically, the time spent in 
the OPF by any Orbiter was planned at less than 100 days, although this would vary with 
the mission requirements, changes to the flight program, and the current weather patterns 
in Florida. 

Table 4.1 shows the processing work for STS-60 and the subsequent ten missions to fly 
to Mir, including the time spent in the VAB and at the launch pad. It also lists the relevant 
data for all ISS-related missions. The days quoted are for ‘work’ days, with national holi- 
days, contingency days and delays related to weather identified. Often, it would be neces- 
sary to relocate Orbiters around the OPFs and VAB to make room for mission processing, 
weather issues, and program delays. Prior to the loss of Columbia in 2003 the High Bays 
were assigned on a first-available basis, but this often required relocations during process- 
ing in order to allow the vehicle whose processing was then most advanced to be sent to 
the VAB for stacking and then out to the pad or to provide room in the event of either a 
launch delay or a roll back. After the Columbia accident, each of the remaining three 
Orbiters was assigned a specific OPF, with Atlantis being given OPF 1, Endeavour OPF 2, 
and Discovery OPF 3. 

Once OPF processing was completed, all ground support and access apparatus was 
removed and the Orbiter was towed to the VAB, entering through the door located in the 
north end of the High Bay area of that building. 
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The Russian-built Docking Module intended for Mir is lowered into the payload bay of 
Atlantis during processing for STS-74. 


The tunnel adapter is installed in the payload bay of Endeavour during processing for STS-89. 
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Vehicle Assembly Building 


One of the most iconic buildings of the space era, the huge Vehicle Assembly Building 
(VAB) at the Kennedy Space Center was built for the Apollo lunar program, becoming 
available in 1965. Its conversion to support the Space Shuttle began in 1976. After the 
retirement of the Shuttle in 2011 it was put to other uses. It remains one of the biggest 
buildings in the world. 

Everything about the VAB is massive. Standing on a footprint of about eight acres (3.24 
hectares), it is 525 ft (160 m) tall, 716 ft (218 m) long, and 518 ft (158 m) wide, and has a 
volume of approximately 129,482,000 cu ft (3,664,460 cu m). Owing to the terrain on 
which the Florida launch site was built and the local weather conditions the foundations of 
the VAB had to be supported by 4,200 steel pipes, each 16 in (40.6 cm) in diameter, driven 
down to a depth of 160 ft (49 m). The structure is strong enough to withstand winds of up 
to 125 mph (201 kph). 


Discovery is rolled over to the VAB for mating with an ET and two SRBs to create the ‘stack’ 
for STS-91, the final Shuttle mission to Mir in 1998. 


The VAB features High Bay areas (525 ft or 160 m tall) and Low Bay areas (210 ft or 
64 m tall) areas, with a joining Transfer Aisle. Facing east, and towards the crawler way 
and Pads 39A and B, High Bays 1 and 3 were used to integrate and stack Shuttles on 
Mobile Launcher Platforms, ready the crawler transporters to pick up and drive out to the 
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pads. The two SRBs were stacked on the MLP first, then the ET was mated, and finally the 
Orbiter. Then the entire stack was verified and rolled out. 

The Transfer Aisle divides the four High Bays, aligned with a north to south aspect. 
Facing west are High Bays 2 and 4. High Bay 2 was used to store and process the ETs and 
served as a safe haven for a third Orbiter when High Bay | and High Bay 2 were in use. 
High Bay 4 was used for ET storage. The High Bay areas are divided by six tower struc- 
tures which support some of the seventy lifting devices, including the two 325 ton (295 
tonne) lifting cranes. The Low Bay (Areas K, L, M and N) contains a number of working 
areas. For the Shuttle these were used for SSME maintenance and as holding areas for the 
forward assemblies and aft skirts of SRBs. 


The first Super Lightweight (SLW) External Tank is transferred to the VAB for processing. 
It was used by STS-91, the final Shuttle-Mir docking mission. 


Assembly of the stack began by installing the SRBs on an MLP in either High Bay 1 or 3. 
Once the checkout of the ET was completed in either High Bay 2 or 4, that would be 
transferred for mating with the twin SRBs. The final stage involved transporting the 
assigned Orbiter from its OPF to the Transfer Aisle, where cranes would hoist it into a 
vertical position and maneuver it alongside the stack for attachment and final checking. 
With the stack assembled, the huge outer doors of High Bay 1 or 3 would be opened to 
allow the crawler transporter to drive the MLP bearing the Shuttle to either Pad 39A or 
39B as appropriate. 
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Once inside the VAB the ET for STS-91 was hoisted vertically for mating to the twin SRBs. 
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Table 4.1 Orbiter Ground Processing Summary 


Total OPF Total VAB Total Pad Total Flow 
OPF Work VAB Work Work Work 

Flight OV Bay Days High Bay Days LC/39 Days Days MLP 
Ground Processing For Shuttle-Mir Missions 1994—1998 

STS-63 103 2 71 1 5 PadB 25 101 2 
STS-71 104 3 115 1 6 PadA 44 165 3 
STS-74 104 2 76 1 8 PadA 23 107 2 
STS-76 104 1 68 3 6 PadB 22 96 2 
STS-79 104 1/3 73 1/3 17 PadA 25 115 1 
STS-81 104 3 62 1 5 PadB 24 91 2 
STS-84 104 3 76 3 4 PadA 21 101 2 
STS-86 104 3 60 1 5 PadA 29 94 2 
STS-89 105 3/1 202 1 7 PadA 26 235 3 
STS-91 103 2 168 1 4 PadA 29 201 1 


Key: 

OV Orbiter Vehicle (Shuttle) 

OPF Orbiter Processing Facility (Bay) 

VAB Vehicle Assembly Building 

HB High Bay (within the VAB) 

LC Launch Complex 

MLP Mobile Launcher Platform 

Reference: Space Shuttle Mission Summary, NASA/TM-20111-216142, compiled by Robert D. Legler and 
Floyd V. Bennett, Mission Operations, Johnson Space Center, Houston, Texas, September 2011. 


CHESS ON A LARGE SCALE 


As an example of the intricate planning necessitated by the Shuttle processing flow, the 
following paragraphs outline the moves required to support the Shuttle-Mir missions at a 
time when the Shuttle fleet was also undertaking non-station missions. 

On September 22, 1993, Discovery landed at the Shuttle Landing Facility at the end of 
its STS-51 mission. Later that day it was towed to OPF Bay 3 to start the processing for its 
next mission, STS-60. As the first joint American-Russian mission, this would be the start- 
ing point for the almost eighteen year program of Shuttle ground processing that would 
relate directly to the development, assembly, and operation of the International Space 
Station. Ironically, on that same day in Washington, the US Senate voted 59-40 against the 
amendment that would have prevented NASA from funding what became the ISS. 

From here, processing at the OPF for the first five missions assigned to Shuttle-Mir 
operations went well until July 10, 1996, when STS-79 was rolled back to the VAB in 
response to the threat posed by the approach of Hurricane Bertha and issues involving the 
SRBs. The intention was for the Atlantis stack to be disassembled and the Orbiter temporar- 
ily returned to the OPF while a new stack of SRBs and ET was readied in the VAB. However, 
OPF 1, which had housed Atlantis during the STS-79 processing, was now occupied by 
Columbia, recently returned from STS-78. With Discovery in OPF 2, Atlantis had to wait 
until Endeavour had departed on July 29 for a planned eight month Orbiter Maintenance 
Down Period (OMDP) at the Rockwell facility in California, thus releasing OPF 3. 
Atlantis entered OPF 3 on August 2, and the next 11 days were spent undergoing some 
power-on operations and replacing perishable items. It was returned to the VAB on August 
13 to be mated with its new SRBs and ET, then rolled out to the pad for a second time on 
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August 20. However, the approach of Hurricane Fran required returning the vehicle to the 
safety of the VAB for 24 hr. The stack returned to the pad for a third time the following day, 
where it remained until being successfully launched later in the month. 


Endeavour in the Transfer Aisle of the VAB during processing for STS-89. 


In March 1997 Endeavour returned from its OMDP in California. By early April it was 
being processed for STS-86 in OPF Bay 1. But Columbia’s early return from the curtailed 
STS-83 mission saw Endeavour moved into VAB High Bay 2 on April 8 to release space 
in OPF Bay 1 for Columbia until Atlantis vacated OPF Bay 3 in May. By April 28 it was 
reported that Shuttle management at KSC had decided to assign Atlantis to the STS-86 
mission instead of Endeavour, in order to preserve the September launch date. Endeavour 
was chosen to fly STS-88, the first ISS assembly mission. On May 22, 1997, mission man- 
agers then decided to assign Endeavour to an extra mission ahead of the STS-88 flight 
planned for July 1998. It was to replace Discovery on STS-89, which was the eighth 
(and penultimate) Shuttle-Mir mission, scheduled for January 1998. The next day, 
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Endeavour was moved from OPF 3 to High Bay 1 to make room for Atlantis, which was 
returning from STS-84, the sixth Shuttle-Mir mission. Endeavour would be held in tempo- 
rary storage in the VAB until Columbia left OPF 1 and transferred to the VAB for stacking 
as STS-94, which was to re-fly the STS-83 mission. Endeavour was then moved into OPF 
1 on June 4 for to undergo processing for STS-89. It was a game of shuffle. 


With the ET and SRBs stacked and secure on a Mobile Launcher Platform, the Orbiter is 
raised to the heights of the VAB and then attached to complete the 'stack. In this image 
Atlantis is being *de-stacked' during the delays to the processing of STS-79 in 1996. 
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On returning from STS-85 on August 19, 1997, Discovery was towed into the OPF to 
begin processing for STS-91, the final Shuttle-Mir mission. At this point there were three 
Orbiters in various stages of Shuttle-Mir processing because Atlantis was on the pad for 
STS-86 and Endeavour was in the OPF being prepared for STS-89. In addition, Columbia 
was undergoing processing for the unrelated STS-87 mission. It was a busy time at the Cape. 

This maneuvering on the ground was simply part of the KSC routine. Even after the 
loss of Columbia in 2003, the pressure to complete the ISS assembly prior to the three 
remaining Orbiters being retired in 2011 kept everyone on their toes. 


Table 4.2. STS ‘Stack’ Components For Shuttle-Mir Missions 1994—1998 


Orbital External SSME SSME SSME 
Flight Orbiter Vehicle Tank SRB Set RSRMSet #1 #2 #3 
STS-63 Discovery OV-103  ET-68 BI-070 42 2035 2109 2029 
STS-71 X Atlantis OV-104  ET-70 BI-072 45 2028 2034 2032 
STS-74 Atlantis OV-104 ET-74 BI-076 51 2012 2026 2032 
STS-76 X Atlantis OV-104  ET-77 BI-079 46 2035 2109 2119 
STS-79 Atlantis OV-104  ET-82 BI-083 56 2012 2031 2033 
STS-81 Atlantis OV-104  ET-83 BI-082 54 2041 2034 2042 
STS-84 Atlantis OV-104  ET-85 BI-087 60 2032 2031 2029 
STS-86 X Atlantis OV-104  ET-88 BI-090 61 2012 2040 2019 
STS-89 Endeavour  OV-105  ET-90 BI-093 64 2043 2044 2045 
STS-91 Discovery OV-103  ET-96 BI-091 66 2047 2040 2042 
KEY: 
BI Booster Integration (set of 2) 
ET External Tank 
OV Orbital Vehicle 


RSRM Redesigned Solid Rocket Motor (set of 2) 
SRB Solid Rocket Booster 
SSME Space Shuttle Main Engine 
(Position looking forward: # 1 (top), #2 (lower left) or #3 (lower right) 
STS Space Transportation System 
Reference: Space Shuttle Mission Summary, NASA/TM-20111-216142, compiled by Robert D. Legler and 
Floyd V. Bennett, Mission Operations, Johnson Space Center, Houston, Texas, September 2011. 


LAUNCH PAD TO SPACE 


Once processing in the VAB was complete, the next stage was to roll out the ‘stack’ to the 
launch pad to undertake the preparations required for launch, including loading the final 
payloads and consumables. 


Roll Out 


The transfer of a Shuttle from the VAB to Launch Complex 39 was achieved by one of two 
Crawler Transporters very slowly driving a Mobile Launcher Platform bearing the 
spacecraft. 
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With work platforms withdrawn and the huge doors open, the finished STS-89 stack is ready 
to be rolled out of the VAB. 


Mobile Launcher Platform: The first two Mobile Launcher Platforms (MLP) were modified 
from those which carried the Saturn V during the Apollo program in order to provide a mov- 
able launch base for the Shuttle stack. They were supplemented in 1986 with a third. The 
MLP for the Shuttle featured a two-story steel structure 25 ft (7.6 m) tall, 160 ft (48.8 m) long, 
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and 135 ft (41.1 m) wide. An unladen platform weighed 8.23 million Ib (3.76 million kg). 
When transporting a Shuttle the weight increased to about 12 million Ib (5.44 million kg). On 
the pad with the vehicle fueled, the total mass was about 12.7 million Ib (5.76 million kg). 


Crawler Transporter: Built in 1962, the two Crawler Transporters have been iconic fea- 
tures of the Kennedy Space Center for over fifty years. Measuring 131 ft (39.98 m) long 
and 13 ft (3.96 m) wide, each had an unladen weight of over 5.5 million Ib (2.49 million 
kg). The weight increased by 12 million Ib (5.44 million kg) with a Shuttle. The crawlers 
were not exactly swift, being able to travel only at the sedate speed of 2 mph (3.21 kph) 
unladen and 1 mph (1.69 kph) laden. 


The STS-81 stack is rolled out of the VAB on the Crawler Transporter. At left is the Launch 
Control Center from where Shuttle launches were controlled. 


Launch Complex 39 


Created in the 1960s for the Apollo program, Launch Complex 39 on Merritt Island of the 
Kennedy Space Center, was modified to handle the Space Shuttle in the wake of the 1975 
launch of the ASTP Saturn IB. Both pads were designed for the ‘mobile launcher’ process, 
where the spacecraft and launch vehicles would be assembled in the protected environ- 
ment of the Vehicle Assembly Building ahead of being transported for launch. For Apollo, 
the major servicing structures at the pad were mobile. For the Shuttle two permanent ser- 
vicing towers were erected at the pad, called the Fixed Service Structure and the Rotating 
Service Structure. 

The duplicate pads labelled A and B, are both octagonal in shape. There were plans for 
two others but these were not built. Located in the center of the pad area, the actual ‘pad’ 
is a concrete hardstand measuring 390 x 325 ft (118.87 x 99.06 m). 


Launch Pad to Space 


STS-79 rolls slowly down the crawler way towards Pad 39A in the distance. 
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Fixed Service Structure (FSS): Standing 347 ft (105.76 m) tall from ground level to the tip 
of the lightning mast, this structure had 12 floors at intervals of 20 ft (6.09 m). It had three 
swing arms to service or access the Shuttle stack on the pad, and these could be retracted 
when not in use. Set at a level of 147 ft (44.80 m) the Orbiter Access Arm served the envi- 
ronmental compartment known as the ‘White Room.’ This was mated to the left side of the 
Orbiter to allow access to the side entry and exit hatch. The FSS also featured the ET 
Hydrogen Vent Umbilical and Intertank Access Arm, the ET Gaseous Oxygen Vent Arm, 
and the Emergency Egress System. 


Rotating Service Structure (RSS): This tower was created to enable payloads to be inserted 
into the payload bay with the stack in the vertical orientation. Payloads were loaded in this 
manner either to accommodate their design requirements or because it was necessary to 
insert them late in the processing cycle. The principal facility of the RSS was the environ- 
mentally controlled Payload Changeout Room, where payloads could be inserted (or if 
necessary retrieved) without exposing the payload bay to the open air. Typically, payloads 
were transported in canisters, removed, and installed in the spacecraft using the Payload 
Ground Handling Mechanism (PGHM). Measuring 102 ft (31.08 m) long, 50 ft (15.24 m) 
wide and 130 ft (39.62 m) high, the RSS could rotate through an angle of about 120° with 
a radius of 160 ft (48.76 m), and would be retracted prior to launch. 

There was a Flame Trench Deflector System directly beneath the MLP, a 900,000 gal- 
lon (4,091,400 liter) tank of Liquid Oxygen (LOX) on the north-west corner of the pad to 
provide oxidizer for the three SSMEs, and an 850,000 gallon (3,864,100 liter) tank of 
Liquid Hydrogen (LH) fuel on the north-east corner. The propellants for the OMS and 
RCS of the Orbiter were also stored there, with the monomethyl hydrazine fuel being on 
the south-west corner of the pad and the nitrogen tetroxide oxidizer on the south-east cor- 
ner. Beneath the pad hardstand were the Pad Terminal Connection Rooms, reinforced 
concrete rooms under 20 ft (6.09 m) of dirt fill. These contained apparatus which linked 
the Shuttle stack, the MLP, and the other pad facilities to the launch processing systems 
and the Launch Control Center (LCC) alongside the VAB. The other facilities included the 
sound suppression system in which a 300,000 gallon (1,363,800 liter) water deluge pro- 
tected the Orbiter and its payloads from damage by acoustic energy reflected up from the 
MLP during launch. 

During their operational life supporting the Shuttle program, each pad was taken out of 
service every three to five years for maintenance and modifications. This was another fac- 
tor that had to be taken into account when planning and manifesting Shuttle missions and 
the ongoing construction of the ISS. 


Pad 39A: Set 48 ft (14.63 m) above sea level, this pad was used for the first Shuttle mission 
in 1981. Following the loss of Challenger in 1986 the pad was reactivated for STS-32 in 
January 1990. The first Shuttle mission to carry a Russian cosmonaut, STS-60, was 
launched from Pad 39A in 1994. In total, seven Shuttle-Mir docking missions were 
launched from this facility, including the first and the last (STS-71 and -91). 

Pad 39B: The second pad stands 55 ft (16.76 m) above sea level and its role as a Shuttle 
launch facility got off to the worst possible start with the ill-fated Challenger mission, 
STS-51L. It was used for the resumption of flights in September 1988, with STS-26. In 
addition to STS-63, which flew the *Near-Mir' rendezvous, this pad was used for two Mir 
docking missions (STS-76 and -81). 
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A closer view of STS-79 on Pad 39A undergoing final checks prior to launch. 


Payload Canister Transporters: These self-propelled vehicles had 12 bogies and 24 wheels 
were used to transport payloads between facilities at the LC-39 processing area, the Vertical 
Processing Facility, OPF, and the pad. Measuring 65 ft (19.81 m) long and 23 ft (7.01 m) 
wide, with a variable flatbed elevation of between 5 ft 3 in (1.60 m) and 7 ft + 3 in (21.3 m+ 
7.62 cm), each transporter weighed 230,000 Ib (104,328 kg) unladen and up to 258,320 Ib 
(117,174 kg) when laden. The top speed was 10 mph (16.09 kph) unladen and 5 mph (8.04 
kph) loaded. They also had a so-called *creep mode' of 0.014 mph, or 0.25 in/sec (0.022 kph 
or 6.35 mm/sec) for carrying delicate payloads or when precise movement was required. 
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Payload Canisters: These environmentally controlled containers were used to carry pay- 
loads between various processing or assembly areas at KSC, such as to the pad for verti- 
cally installed payloads or to the OPF for precision-installed payloads. They could 
accommodate payload weighing up to 65,000 Ib (29,484 kg) and measuring up to 15 ft 
(4.6 m) in diameter and 60 ft (18.3 m) long, matching the dimensions of the Orbiter's 
payload bay. 
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The payload canister for STS-89 is hoisted into the Payload Changeout Room prior to insertion 
into the payload bay of Endeavour. 
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Closing the payload bay doors during STS-91 processing. 


The Roll Backs 


*Roll back" was a term used by NASA when a Crawler Transporter returned a Shuttle stack 
from LC-39 to the VAB. It was the opposite of a roll out. During the 135 flights of the thirty 
year Shuttle program there were officially nineteen roll backs (three involving the same stack") 
between October 1993 and December 2010. Six of these were related to space station flights. 
There were several causes for a roll back, including the threat of severe weather, repairs to 
flight hardware that could not be undertaken on the pad, or changes to the flight manifest. 
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Those relating to the Mir docking missions were: 


July 10, 1996 (STS-79 Atlantis): The threat of severe weather posed by the approach 
of Hurricane Bertha. 

September 4, 1996 (STS-79 Atlantis): A second hurricane threat, this time from 
Hurricane Fran. 


LAUNCH DATE FLUIDITY 


Even with a Shuttle safely delivered to the pad, there was no guarantee it would launch on time. 
Space station operations were subjected to a variety of postponements, scrubs, and delays.' 


Postponements, Scrubs and Delays: Shuttle-Mir, 1994-1998 


STS-60: The original launch date of July 31, 1992 was postponed initially to 
October 21, then to November 10, before finally being slipped into 1994 after STS- 
61 (which was the first HST service mission) because the work flows at KSC could 
not accommodate both missions ahead of the Christmas and New Year holidays. It 
finally launched on February 3, 1994. 

STS-63: This launch slipped from May 19, 1994 to January 26, 1995 and then to 
February 2, when it was scrubbed due to an IMU-2 failure. It was launched the fol- 
lowing day after that unit had been replaced. 

STS-71: Originally set for May 30, 1995, this launch was first changed to May 24 
and then postponed to no earlier than June 19 owing to delays in the launch by 
Russia of the Spektr module to Mir. This moved STS-70 ahead of STS-71. Another 
delay was accepted in order to allow the Mir crew time to undertake EVAs to recon- 
figure the docking port and solar arrays. The launch attempt on June 23 was 
scrubbed at T-6.25 hr when the window for loading the ET was exceeded and there 
was a threat of lightning within 5 miles (8 km) of the pad. The weather also inter- 
vened the next day during the planned T-9 min hold. It was launched on June 27. 
STS-74: Scheduled for October 26, 1995, this launch had to be postponed to 
November 2 following the SRB repairs to STS-69, -73, and -74. The launch was 
then advanced to November 1 only to be slipped again after the STS-73 launch 
scrubs. The November 11 attempt was scrubbed at T-4 min owing to weather viola- 
tions at all three Trans-Atlantic Landing Sites. It launched the next day. 

STS-76: Originally set for March 21, 1996, the launch was scrubbed by the mission 
management team on March 20 during ET tanking, due to weather concerns. It 
launched on March 22. 

STS-79: Scheduled for launch on August 1, 1996, the approach of Hurricane Bertha 
caused the launch to be postponed and the stack was rolled back to the VAB on May 
4. After concerns about sooting in the STS-78 SRBs which had been constructed 
using a new adhesive, and the effects of heat on their joints, the launch of STS-79 
was rescheduled for September 12 using the ET/SRBs stacked for STS-80, because 
those SRBs used the older adhesive. The stack was rolled out to the pad on August 
30, but recalled on September 4 owing of Hurricane Fran. The stack returned to the 
pad two days later for the eventual launch on September 16. 
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Atlantis is poised on the launch pad ready to begin the STS-84 mission to Mir. 


e STS-81: Set for December 5, 1996, the launch was postponed to January 16, 1997 
because of adverse heating of the solid rocket motors and nozzle erosion discovered 
on the SRBs recovered from both STS-79 and STS-80. The launch was later 
advanced to January 12, 1997, on which occasion it was successful. 

e  STS-84: Originally set for May 1, 1997, this launch was postponed to May 15 
because of the SRB problems noted on the earlier missions, and the launch on that 
date was successful. 
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e STS-86: Set for September 11, 1997, the launch was postponed to September 18 as 
a result of changes to the manifest of several flights. On March 27, the mission was 
switched from Atlantis to Endeavour. After the STS-94 science mission, STS-86 
was slipped to September 25, advanced to September 18 and then switched back to 
Atlantis. It was finally launched on September 25 (local time). 

e STS-89: Originally planned for launch on January 15, 1998, this mission was 
switched from Discovery to Endeavour on May 22, 1997. It was postponed to 
January 22 (local time) to accommodate Russian activities on Mir. 

e = STS-9[: Set for May 28, 1998, this mission was slipped to June 2 to provide more 
time for processing the AMS payload. 


READY TO GO 


With the STS-63 checked out, fueled, and ready to go, the crew was eager to begin the 
‘Near-Mir’ rendezvous for which they had trained. Commander Jim Wetherbee recalled 
their state of mind at that time, “We’d waited a long time for this. The world had waited 
even longer. We were bringing together the space programs of the largest nations of the 
world.” 

The impact of the Shuttle-Mir program was never lost upon the crews, which often 
comprised an international collection of highly skilled and trained personnel who were 
fully aware of the importance of these missions to the future of the space programs of 
America, Russia, Canada, Europe and Japan as participants in the International Space 
Station. 


NOTES 


1. Space Shuttle Mission Summary, Robert D. Legler and Floyd V. Bennett, Mission Operations, 
Johnson Space Center, NASA, TM-2011-216142, September 2011 
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The Human Element 


All the members of a space ship crew will have a college education. 
A journey into the space world will be a highly scientific operation, 
and [they] must have a varied store of knowledge to cope with 

the great variety of problems which space flight will impose. 


Frank Ross Jr., Space Ships and Space Travel, 1956 


Though these words were written over sixty years ago, on the eve of the Space Age, the 
statement still holds true. From the first of the chosen few to fly in space right through to the 
most recent selections, the parameters which form the mold of a space explorer still center 
on a broad education, a variety of experience, years of space flight training, and a great deal 
of patience. These traits were evident in all of those assigned to fly on the Shuttle. 

Crew preparations to fly the basic Shuttle mission profile — ascent, orbital flight, atmo- 
spheric re-entry and landing — developed a familiar pattern from the start of the training 
program in the late 1970s, updated to take into account crew experiences as missions were 
flown. A total of 65 missions had been successfully performed by the end of 1994, during 
which several crews had undertaken rendezvous and proximity operations with satellites 
or the Hubble Space Telescope, and numerous targets had been grappled using the RMS, 
but there had not been a single docking operation. 


RE-LEARNING OLD SKILLS 


The last time an American astronaut had performed a physical docking with another 
spacecraft was in 1975, when Apollo ‘18’ Commander Thomas P. (‘Tom’) Stafford docked 
with Soyuz 19 during ASTP. In fact, the last time an astronaut had docked with an object 
as large as a space station was even earlier, during the three missions to the Skylab orbital 
workshop in 1973. By 1995, remarkably, the NASA Astronaut Office (Mail Code CB, and 
known internally simply as the Office) at JSC in Houston didn’t have a single astronaut on 
active status who possessed docking experience. Those who had honed such skills during 
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the ten years of Gemini and Apollo had long since retired. The new astronauts had to 
re-learn those skills to accomplish future dockings, initially at Mir and later the ISS. 

Several spacewalks would be made in the context of Shuttle-Mir. Each crew of a Shuttle 
included astronauts who were trained for contingency spacewalks, such as to close the 
payload bay doors if they failed to do so automatically. In addition, some missions included 
planned EVAs designed to rescue, repair and service satellites, to assess new systems and 
hardware, and, as joint operations with Mir gave way to the assembly of the ISS, to inspect 
or expand hardware outside the station. The training program for two of the Shuttle-Mir 
crews was further intensified by the addition of RMS operations." 

One useful skill undertaken by each Shuttle-Mir crew that once again would have appli- 
cation to the ISS, was discovering how to transfer tons of logistics and supplies efficiently, 
safely, and to a timeline. 

Another emerging factor for NASA during these years was the requirement for its 
astronauts to travel abroad to liaise with the international partners, initially to Europe, 
Canada and Japan, and subsequently to Russia. 


SHUTTLE CREW TRAINING 


The following overview of a ‘typical’ training program for a Shuttle mission applied both to 
Shuttle-Mir and to Shuttle-ISS assembly crews, with the latter involving more extensive 
EVA and RMS training. Basic crew training for a Shuttle mission normally lasted for a year, 
depending on the mission and complexity of the objectives. When a mission featured an 
extensive EVA program, the astronauts assigned to undertake the spacewalks normally 
began their training cycle earlier than most of their colleagues to allow them the maximum 
possible time to develop their skills during simulations. The Orbiter crew of the Commander, 
Pilot and Flight Engineer (i.e. MS2) would usually be assigned at the same time and in most 
instances they would train together to develop an efficient, coherent team on the flight deck 
for launch, landing, and other critical phases of the mission, including docking. 


Crew Designations 


Commander: Seated in the left hand forward flight deck seat. The Commander (CDR) was 
responsible for crew safety and the overall success of the mission. On missions to space 
stations, the Commander usually headed the rendezvous and docking activities, plus the 
landing on Earth. The Commander on most assembly missions was also RMS qualified. 


Pilot: Seated to the right of the Commander on the flight deck, the Pilot (PLT) had the task 
of supporting the Commander during various aspects of ascent, orbital flight, re-entry and 
landing. The Pilot was back-up for the Commander during docking, and often took over 
the controls of the Orbiter for the undocking and fly-around maneuver in order to gain 
hands on experience for a potential command seat of their own later. Some Pilots assisted 


“A detailed analysis of both RMS and EVA activities at the ISS is presented in the companion vol- 
ume Assembling and Supplying the ISS: The Space Shuttle Fulfills Its Mission. 
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RMS operations and they were usually the primary IV astronaut for planned EVAs. Rookie 
Pilots were briefly allowed to handle the Orbiter during the landing phase to gain experi- 
ence of controlling an Orbiter under aerodynamic loads in preparation for when they were 
promoted to command their own mission. 


Flight Engineer (Mission Specialist 2): This person had the seat located behind and 
between the Commander and Pilot, and assisted them during ascent and re-entry. This role 
was served on missions to space stations by a Mission Specialist astronaut. In the FE role, 
the astronaut referred to flight plans and malfunction books to be ready with recommended 
actions if an issue during ascent or re-entry necessitated an emergency landing. MS2 also 
monitored the actions of the CDR and Pilot during nominal ascent, essentially looking 
over their shoulders and announcing key milestones or events as they occurred. 


Other Mission Specialists: The MS1, MS3, MS4 and, at times, MS5 designations were 
assigned to other Shuttle astronauts. These were nominally the assembly EVA astronauts 
on station missions, but they were also responsible for operating the RMS (including, on 
later crews, operating the ISS’s RMS as well) and for managing the logistics transfers to 
and from the station. One of them would occupy the flight deck seat behind the Pilot for 
launch, and would normally exchange with a colleague for re-entry. These two roles had 
specific duties in support of the climb to orbit or during the long ride home. The other 
astronauts would be seated on the mid-deck. One MS would be responsible for stowing 
crew equipment such as pressure suits shortly after entering orbit, or stowing the collaps- 
ible mid-deck seats and configuring the vehicle for orbital operations; tasks that were 
reversed during preparations for landing. 


A Team Effort 


Following the four OFTs of 1981 and 1982, which carried two-person crews, the core 
Shuttle crew comprised no fewer than four astronauts. On most space station missions 
there were seven people, although they were not necessarily all NASA astronauts. 


Orbiter Flight Deck Crew: The primary task of the CDR, PLT and MS2-FE was to “fly the 
Orbiter” during the ascent and re-entry phases of the mission. The rendezvous, docking 
and undocking roles on ISS assembly missions were usually fulfilled by these astronauts, 
supported by other crewmembers. 


EVA Crew: These were Mission Specialists specifically trained for contingency and planned 
spacewalks. On ISS missions, the Orbiter’s EVA crew was normally split into teams of two 
or four, sometimes mixing the pairings between three or five astronauts. EVAs were always 
performed by a pair of astronauts for safety, most often alternating between two pairs on a 
given mission. The pair that was conducting the EVA would be supported by the alternate 
pair inside the Orbiter, who would act as choreographers, IV astronauts, and photographers, 
or would prepare equipment for the next spacewalk. To maximize the flexibility of the crew to 
achieve the EVA program there was significant cross-training, so that any EVA crewmember 
could substitute for another if necessary. 


Robotics Crew: The Orbiter’s RMS was usually operated by a specially trained MS to 
relocate payloads or support EVAs. When Shuttle EVA astronauts had to go beyond the 
reach of that robotic arm they could be assisted by the arm on the ISS, which would be 
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controlled from aboard the station by members of the Shuttle crew, by the residents, or 
sometimes by individuals from both crews working together. 


Loadmaster: One MS would be assigned the task of logging the movement of cargo in 
either direction between the Orbiter and the space station, with the support of other crew- 
members. This was an often overlooked and less glamorous role than performing EVA or 
operating the RMS, but was just as important. The loadmaster ensured that the right appa- 
ratus and logistics ended up at the necessary location on the station, and that unwanted 
items that were transferred to the Shuttle for the return to Earth were stowed in order to 
maintain the correct mass balance for a safe landing. Every item was coded and identified, 
and it was a monumental task over a period of several days to complete the transfer opera- 
tion. Ensuring that everything was moved in the right sequence, at the right time, and to 
the right place was a carefully choreographed ballet. 


Increment Crewmembers: For Shuttle-Mir between 1995 and 1998, the early stages of the ISS 
assembly process between 2001 and 2002, and then between 2006 and 2009 resident station 
crewmembers could travel up to the station or back to Earth by Shuttle. They were assigned 
minimal crew responsibilities and traveled on the mid-deck either for ascent or for re-entry as 
appropriate. For the return to Earth they usually reclined in recumbent crew seating to help 
with their re-adaptation to Earth's gravity. While their time on the Shuttle was limited, each of 
these crewmembers could still offer to support the Shuttle crew by performing secondary roles 
such as photography, housekeeping, and crew logistics transfer operations. 


International Crewmembers: On Shuttle-Mir and later on some of the ISS flights, career 
astronauts or cosmonauts were assigned to represent the international partner nations. 
They were integrated into the Shuttle flight crew as Mission Specialists and carried out 
roles such as operating the RMS, spacewalking and loadmastering on the Shuttle crew to 
which they were assigned. 


The crew for the STS-71 mission to Mir: [rear, 1 to r] Norman Thagard (Mir-18 CR), Gennadi 
Strekalov (Mir-18 FE), Greg Harbaugh (MS2), Ellen Baker (MS1), Charlie Precourt (PLT), 
Bonnie Dunbar (MS3), and Nikolai Budarin (Mir-19 FE), [front, 1 to r] Vladimir Dezhurov 
(Mir-18 CDR), Robert Gibson (STS-71 CDR), and Anatoli Solovyov (Mir-19 CDR). 
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Shuttle Training: A Brief Overview 


For over thirty years, the Space Shuttle astronaut training program maintained a group of 
astronauts who were sufficiently experienced to make redundant the back-up crewing 
policy of the 1960s and 1970s. There were occasions when a back-up crew assignment 
was assigned to a specific Shuttle mission, but this was normally only for a few weeks 
because of crew illness or injury, or due to the workload for the mission. A few times, the 
back-up replaced a nominal prime crewmember for a short time but rarely flew the mis- 
sion. However, in most cases Shuttle crews were assigned without back-ups. This pre- 
vented clogging up the training program, freed up the limited time available on simulators 
and, of course, helped to minimize training costs. 

For several veteran astronauts from the Gemini and Apollo era, introduction to the 
Shuttle’s systems began in the early 1970s but most of them had retired by the time of the 
inaugural flight in 1981. 

Starting in 1978, a new breed of astronaut was introduced. The Mission Specialists were 
engineers, scientists, technicians, doctors or military officers. They would not be trained to 
fly the Shuttle but would instead conduct a wide range of scientific, support, and operational 
tasks during the planning stage and thereafter in space. Between 1983 and 2003, a third kind 
of astronaut was assigned. These Payload Specialists were non-career astronauts who were 
assigned to a specific Shuttle mission or missions, usually to support the operations of a 
specific payload for their nation, company or institution. Their assignments were temporary 
in nature, and in the wake of the loss of Challenger in 1986 they were considerably reduced 
in scope. The final Payload Specialist flew on Columbia in 2003, when that vehicle was lost. 
On Shuttle-Mir or ISS assembly flights the crew would consist solely of NASA career 
astronauts or representatives of partner agencies. 

Briefing and training on Shuttle systems for rookie astronauts included wilderness and 
survival courses and regular proficiency flights in T-38 aircraft, either as a pilot or as a 
qualified second-seat crewmember for the non-pilots. There were also sessions in the 
Shuttle Training Aircraft (a modified Gulfstream business jet) to provide potential Shuttle 
Pilots with skills in atmospheric re-entry techniques and with landings and roll-out simu- 
lations on a variety of landing strips and weather conditions. Systems training included 
lessons in guidance, tracking and navigation techniques, data processing, and the electrical 
and environmental systems. The orbital mechanics training for the Pilots included rendez- 
vous, docking and proximity operations, while the mission specialists concentrated on the 
particular requirements of the payloads, such as the Spacelab and Spacehab modules, 
pallet carriers, and the various deployment and retrieval systems. The latter included 
extensive specialist courses on the RMS and EVA. 

After completing their generic training, a NASA astronaut was then assigned to a pool 
for advanced courses in avionics (including flight controls and displays), crew habitability 
systems, emergency procedures, and photographic and TV equipment. A variety of simu- 
lators and mock-ups for flight operations were available, ranging from pre-launch integra- 
tion (physically getting onto the Orbiter) to the specific crew roles from launch to landing, 
as well as procedures for nominal, emergency exit, and post-landing tasks. During several 
years of generic Shuttle training, astronauts would undertake a range of technical assignments 
in support of other missions. This would commonly lead to an assignment to the crew of a 
specific mission, but this progression to flight status was not guaranteed. 
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Specific areas of training for ‘typical’ Shuttle crews, including those assigned to a Mir 
or ISS mission, were, in no particular order: 


Proficiency flying in the T-38 and approach and landing training in the STA for the 
CDR and PLT. 

Refresher courses in crew systems and flight operations. 

Courses on pallet payloads on various carriers, including Spacehab and the MPLM. 
Specific training for the flight in RMS for payload deployment and retrieval 
operations. 

Familiarity, safety, and awareness training together with specific technical training 
for large payloads, including all contingency options. There would also be safety 
briefings on space station systems and procedures. 

Attached payload such as GAS and payload bay experiments. 

Mid-deck experiments. 

Tasks for Detailed Test Objectives (DTO), Detailed Secondary Objectives (DSO), 
and Risk Mitigation Experiments (RME). 

Rendezvous, proximity operations, docking, undocking, station fly-around and 
separation (mainly CDR and PLT with MS support). 

EVA operations for planned, unplanned, and emergency contingency situations 
(mainly MS with CDR and PLT support). 

Media and outreach (television, radio, print, interviews, contractor visits). 
Contingency operations, emergency situations, back-up and cross-training activities. 
Crew related tasks (including the official crew photo, the mission emblem, organizing 
family escorts, designing crew and mission T-shirts, a variety of commemorative 
items, and sending invitations to pre-launch parties, and so on). 


Such training applied to all crews, whether rookie or veteran and included those from 
outside NASA. 


Russian cosmonauts Sergei Krikalev and Vladimir Titov using books to familiarize themselves 
with the intricacies of the Shuttle system. 
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International Training 


The expansion of Shuttle training to include flights to Mir saw a significant increase in foreign 
travel to Russia. During these visits, the Shuttle crews participated in training sessions were 
familiarized with the major systems of Mir and the overall layout of the orbital complex. 

During Shuttle-Mir operations, a Crew and Exchange Training Working Group was 
established. This small group of two Americans and two Russians was tasked with the goal 
of “determining the duties and responsibilities of cosmonauts and astronauts when com- 
pleting flights on Shuttle, Soyuz and the Mir space station, as well as the content of crew 
training in Russia and the United States, to develop [necessary] training schedules and 
programs.” The two nations hosted a series of joint meetings, reminiscent of those envis- 
aged by talks for the Shuttle-Salyut docking mission over a decade earlier. Crew offices 
were established at the Yuri A. Gagarin Cosmonaut Training Center (TsPK) at Star City, 
near Moscow, and at JSC in Houston to manage the joint training programs. These would 
oversee the training of crews from both partners in the relevant country. 


Cosmonaut Vladimir Titov conducting Shuttle emergency water egress training. 


Documents were drawn up that defined the duties and responsibilities for each flight 
assignment, whether on Soyuz, Mir, or the Shuttle. Training for long-duration resident 
crews was mainly undertaken separately, but each Shuttle crew that was to dock at Mir 
would also receive a week of joint training at TsPK to familiarize themselves with the 
station using the mock-up facilities there. 

The five Russians who flew as Shuttle crewmembers to Mir were provided only an 
abbreviated NASA MS training program (with varying degrees of intensity) at JSC and 


“These were Sergei K. Krikalev, Vladimir G. Titov, Yelena V. Kondakova, Salizhan S. Sharipov and 
Valeri V. Ryumin. 
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KSC due to their experience and extensive cosmonaut training. The prime and back-up 
crews for the Mir-20 through -25 crews completed a week of training (six periods) that 
familiarized them with the Shuttle crew compartment for docked activities during their 
missions, while the Mir-18 crew received Shuttle re-entry training because they would be 
returning by Shuttle after their time aboard the station. The Mir-19 crew completed ascent 
training, as they would be delivered to the station by Shuttle.! 


Support Roles 


Part of every astronaut’s training in preparation for a ride on the Space Shuttle was to sup- 
port other areas of the manned space flight effort. This could be in academic roles such as 
working as Deputy to an Administrator or serving with a management board, but the most 
common role was on the support team of a flight. Such support spanned diverse roles such 
as serving as a Capcom in Mission Control, or as a member of the team at the Cape (known 
as the Cape Crusaders or C?) who would prepare an Orbiter for launch, set up the cockpit 
panels, and strap a crew into their seats. As part of their own familiarization training, teams 
of astronauts would also work in LSEAT, SAIL, SMS, or at TAL sites. The range of tasks 
included reporting on the weather at launch and landing, and supporting the families of 
astronauts during a flight by fending off awkward question from the media. While these 
tasks might not be as glamorous as flying a mission, they were as important and necessary 
to its success as sitting on the launch pad and heading for orbit. Indeed, such experiences 
were an important step in the progression towards assignment to a flight crew at a later date. 


SHUTTLE-MIR CREWING 


Despite the success of the ASTP program in 1975, discussions about a Shuttle-Salyut 
docking mission never developed to the point at which astronauts could start relevant 
training or be assigned to the crew for such a flight. The idea of a Shuttle docking at a 
Russian space station remained nothing more than an idea for the better part of fifteen 
years. 

Crewing for missions to assemble Space Station Freedom were also held in limbo, 
despite preliminary space construction simulations in the water tank at the MSFC and the 
occasional walkthrough of a one-g mock-up of the habitation module in Building 9 at 
JSC. It took the inclusion of the Russians in the revised International Space Station pro- 
gram and the development of Shuttle-Mir for serious attention to be given to crew training 
and the early assignments for the first ISS assembly missions. 


The Early Assignments 


At the July 30-31, 1991 summit in Moscow held between US President George H. W. 
Bush and Soviet Premier Mikhail S. Gorbachev, an agreement was reached to expand 
civilian space operations between the two nations in the field of life science research.” 
Called Phase-I, this agreement included the flight of a US astronaut on a long-duration 
mission to the Mir space station and a Soviet cosmonaut on a Shuttle mission. But the 
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dramatic domestic events that unfolded in the Soviet Union a month later threw a long 
shadow on such plans until a new, more confident Russia emerged from the turmoil of 
social and political unrest. 

Almost a year later, Aviation Week & Space Technology reported that progress had been 
made on the agreement.’ The initial intention was to fly a cosmonaut on STS-60, perhaps 
including an EVA, and for an American astronaut to spend 90 days aboard Mir in 1993, 
launching and returning on a Soyuz spacecraft. Further joint activities had yet to be agreed, 
but the possibilities included having a Shuttle dock with Mir in “1994 or 1995” carrying a 
Spacelab long module configuration in its payload bay. The plan was amended as the pro- 
gram matured. The cosmonaut EVA was deleted from STS-60, and the American mission 
to Mir, which was delayed for a year and would still launch on a Soyuz, would now return 
to Earth via a docked Shuttle. 


The STS-84 crew departing the crew quarters on the way to the launch pad to participate in 
the Terminal Countdown Demonstration Test (TCDT). 
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An M-113 armored personnel carrier during the TCDT activities for STS-84. In the front seat 
is Eileen Collins (PLT). George Hoggard, a training officer with KSC Fire Services, sits 
beside her on top of the vehicle. Directly behind Hoggard, from the left, are Charles Precourt 
(CDR) and Mission Specialist Elena Kondakova of the Russian Space Agency. At the rear, 
from the left, are Mission Specialist Michael Foale and Mission Specialist Jean-François 
Clervoy of the European Space Agency. 


First Cosmonauts and Astronauts Named 


Four months later, on October 28, 1992, NASA named the American crewmembers for 
STS-60 as Charles F. Bolden Jr., CDR; Kenneth S. Reightler Jr., PLT; and N. Jan Davis, 
Ronald M. Sega, and Franklin R. Chang-Diaz as MS1, 2 and 3 respectively. The announce- 
ment also said the crew would include “an experienced Russian cosmonaut.” 

The Russian Space Agency (RSA) had already nominated Sergei K. Krikalev and 
Vladimir G. Titov for Shuttle mission training and they arrived at JSC that November. After 
a short familiarization training program, one of them would join the prime crew and the 
other would serve in a back-up capacity. At the time, STS-60 was intended as an eight day 
flight carrying the second Spacehab augmentation module in the payload bay to perform a 
variety of microgravity experiments and newly assigned Russian life science experiments. 
According to Reightler, STS-60 was “a real gem to be assigned to.” 

The two cosmonauts and their support team arrived in Houston in the first week of 
November and started training straightaway.? Still speaking via an interpreter, Titov was 
clearly aware of the implications of their ground-breaking assignment in terms of the 
development of a joint program involving the Shuttle, Mir and the ISS, expressing the 
hope that, “The experience of cooperation we gain here will lay the foundation for the 
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future work between our cosmonauts and scientists and will be followed by other endeavors.” 
Referring to the change in direction for the cosmonauts in participating in the Shuttle pro- 
gram, Titov pointed out, “We are thrilled to participate in this mission, because it is quite 
a new direction for us. We are very happy that the first contact [of] the Soyuz-Apollo mis- 
sion [in 1975] was followed by our cooperative work now.” The two cosmonauts also 
explained that their families would be arriving on November 21, and expected some 
difficulty in adjusting to “new roads, new stores and new schools.” 

With cosmonauts in training for STS-60, the focus switched to the other part of the 
agreement, that of assigning astronauts to crews in training for resident flights to Mir. 

In March 1993 astronaut Norman E. Thagard was identified as a leading candidate for 
the proposed 90 day mission to Mir. At the time, he was assigned as the Astronaut Office’s 
point-of-contact for Russian Manned Mission Operations. Although Thagard was already 
taking Russian language lessons, had visited Russia on several occasions, and was a leading 
contender within JSC, it was also rumored that William (‘Bill’) M. Shepherd at NASA 
Headquarters in Washington DC was under consideration for the flight assignment. 

The following month Russian cosmonaut Sergei Krikalev was jointly named by the 
RSA and NASA to the crew of STS-60 as MS4, with Titov serving as his back-up.° It was 
noted that their roles would be reversed for the second mission, when Titov would be 
assigned to STS-63 (Spacehab 3). STS-63 would perform a fly-by rendezvous with Mir 
in the spring of 1994 in preparation for the first docking by a Shuttle a few months later. 
This became known as the ‘Near-Mir’ mission. The names of the full crew were announced 
in early September as James D. Wetherbee, CDR; Eileen M. Collins, PLT, the first woman 
to be so assigned; and Bernard A. Harris, C. Michael Foale and Janice E. Voss as MS1, 2 
and 3 respectively, with Titov (like Krikalev before him) as MS4.’ There were rumors that 
veteran astronaut John W. Young was “offered” the command seat but had turned it down 
in favor of “those younger guys.” 

Most of the NASA crewmembers for STS-60 and STS-63 were chosen on the basis of 
their experience — the ten astronauts having accumulated fourteen Shuttle missions 
between them. Sergei Krikalev and Vladimir Titov both had a great deal of experience 
from their previous flights. Titov had commanded a 366 day mission on Mir. Krikalev had 
two residencies on the station totaling an impressive 463 days. In November 1993 NASA 
revealed that the Shuttle manifest was being reviewed, and that STS-63 would likely slip 
into early 1995. 

February 3—11, 1994: STS-60, Sergei Krikalev became the first cosmonaut to fly on the 
US Space Shuttle. 

On the day that STS-60 launched, NASA named Norman Thagard as the prime US 
astronaut for a three month mission to Mir, with Bonnie Dunbar serving as his back-up.* 
Both were veterans. Thagard had flown on four Shuttle missions and Dunbar on three. The 
pair's training at Star City in Russia would start the following month. The announcement 
also revealed that Thagard would join Russian cosmonauts Vladimir N. Dezhurov and 
Alexandr Y. Kaleri on the Mir-18 expedition. They were to launch on a Soyuz and return 
to Earth with Thagard on the first planned Shuttle docking, STS-71. This Shuttle would 
deliver Anatoli Solovyov and Nikolai Budarin to Mir to remain as the new station crew. 
Dunbar was expected to be assigned to the Shuttle visit to gain experience of the station. 
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This interesting announcement exemplified the difficulty facing observers who sought 
to track crew assignments and movements. In March 1994 Kaleri had been appointed 
deputy director of Department 292 at Energiya and appeared to have no further connection 
with the Mir-18 crew. Indeed, there appears to be little evidence of his formal appointment 
to the expedition at all. In the summer of 1993, Gennadi M. Strekalov was paired with 
Dezhurov to train for a long-duration mission to Mir, but crewing over the next year or so 
remained fluid as Mir assignments were considered and amended owing to the pending 
inclusion of NASA astronauts on a number of Mir crews. But all evidence points to the 
assignment of Strekalov, rather than Kaleri, with Dezhurov and Thagard as the Mir-18 
crew. An interesting point was that Strekalov had not flown for five years, during which he 
served in a number of managerial positions at Energiya. After retiring from the Energiya 
cosmonaut team in January 1995, he would subsequently fly the Mir-18 mission under 
special contract with Energiya.? 

Rumors regarding the likely US candidates for the mission had been circulating in the 
media for some time, and focused upon astronauts possessing medical skills. If M. L. 
(‘Sonny’) Carter Jr. had not been killed in an air crash in April 1991, it is likely he would 
have been high on the list. Others mentioned were James (‘Jim’) P. Bagian, F. Story 
Musgrave and, according to some reports, despite NASA having said the role would be 
filled by a career astronaut, Spacelab Life Sciences Payload Specialist F. Andrew (‘Drew’) 
Gaffney. The speculation ended when Thagard was named to the mission. 

By now a number of US astronauts were taking Russian language courses, although 
this didn’t in itself mean that they were in line for assignment to any of the Shuttle-Mir 
missions. Several veteran astronauts were also starting to take managerial and support 
roles while under consideration for flight seats. As the joint program developed and the 
training regime for assembling the ISS was defined, many astronauts were asked if they 
wanted to undertake a long flight on Mir. This would mean both learning the Russian lan- 
guage and spending a significant time away from their home and family to train in Russia. 
Many declined the offer for this reason. Others opted to await assignments on ISS assem- 
bly missions, HST service missions, or stand-alone scientific Shuttle flights. Not every 
astronaut wanted to spend months in space, or years training for it. 


Director Of Operations in Russia 


As the Shuttle-Mir program geared up, it was decided to create a NASA JSC office at the 
Gagarin Cosmonaut Training Center at Star City near Moscow, where senior CB astronaut 
representatives would work in rotation with the small team that drew up the training 
protocol for each astronaut assigned to a Mir long-duration crew. Named the Director of 
Operations in Russia (DOR), this NASA astronaut had direct contact with Russian offi- 
cials and dealt with all issues about training for joint flights. This position continued after 
Shuttle-Mir into the ISS program and in 1996 a counterpart office was opened by the 
Russians at JSC in Houston. On February 23, 1994, the first DOR was named as astronaut 
Kenneth (‘Ken’) D. Cameron, who was expected to return to JSC after his term in Russia 
to command of the second Shuttle docking mission.'° 
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The STS-84 crew participates in pad egress training at the Cape. In the slide wire basket are 
(front to rear) Ed Lu, Carlos Norigea and Charles Precourt. Assisting from the ground (facing 
away to the camera) is Russian cosmonaut Yelena Kondakova. 


First Docking Crew 


Experience was certainly evident in the announcement of the first Shuttle crew to dock 
with the Mir space station, as the five American astronauts named had a total of twelve 
Shuttle flights between them. The announcement revealed that the current Chief of the 
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Astronaut Office, Robert L. (‘Hoot’) Gibson, would be CDR for this STS-71 mission. 
Charles J. Precourt was the PLT.!! The MSI, 2 and 3 seats went respectively to medical 
doctor Ellen L. Baker, Gregory (‘Greg’) J. Harbaugh, and Bonnie Dunbar, who served as 
Thagard's back-up. The launch ascent would be expanded to seven with the Mir-19 
cosmonauts Solovyov and Budarin. The outgoing Mir-18 crew of Dezhurov, Strekalov 
and Thagard would return on the Shuttle to end their three month residency aboard the 
space station. 

On the same day that the STS-71 crew was revealed, NASA also announced that it 
wanted to provide opportunities “for one Canadian astronaut flight per year during the 
Shuttle-Mir docking missions and Space Station assembly missions." As the leading 
robotics developer for the Shuttle and the ISS, Canada had been a partner in the space 
station program for several years, so this was a significant offer. A Canadian astronaut did 
fly on one Shuttle mission each year between 1995 and 2001, although not all flew to Mir 
or the ISS. 


A Return to Mir 


On July 12, 1994, Ken Cameron returned to JSC, having been superseded as DOR by 
William F. (‘Bill’) Readdy.? The nature of the training cycle meant that the second dock- 
ing crew had to be named at least a year in advance of the flight, so the crew of STS-74 
was announced on September 2, 1994. As expected, Cameron was given the CDR assign- 
ment. James D. Halsell was PLT. The MSI, 2 and 3 seats went to CSA astronaut Chris 
A. Hadfield, Jerry L. Ross and William S. McArthur respectively. The flight was mani- 
fested to transport the Russian-built Docking Module that would increase the clearance 
between Mir and the Shuttle during future docking missions. It was initially suggested that 
Bonnie Dunbar should remain aboard Mir when Thagard departed on STS-71, but this 
option had not been taken up. Thus STS-74 became the only Shuttle-Mir docking mission 
not to feature the exchange of a NASA resident on the station. 

Crew assignments began to gather pace in preparation for the spate of dockings in the 
following year. On November 1, former STS-60 astronaut Ron Sega replaced Bill Readdy 
as the third DOR, with Readdy returning to JSC to train for command of STS-79, which 
would be the fourth Mir docking mission." Two days later, on November 3, NASA 
announced that John E. Blaha (the only NASA Pilot astronaut to undertake a residency on 
Mir) and Shannon W. Lucid would begin their long-duration training in both Russia and 
the USA in February 1995.! 

Within a week, NASA announced who would command the third and fourth of an 
intended seven Mir dockings." Kevin P. Chilton, a veteran of two Shuttle flights, was to 
command STS-76, and Readdy, back in training, was formally assigned to STS-79. The 
other members of those two crews had yet to be revealed, but both would include the deliv- 
ery of an astronaut to join the Mir resident crew. The first of these, delivered by STS-76, 
would be retrieved four months later by STS-79, thus beginning a planned sequence of 
four long-duration residencies by American astronauts. By December, the training group 
for the long-duration NASA Mir residencies was expanded to include a further three 
missions.!* 
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Mission Prime Back-up Launch Land Duration 

1 Thagard Dunbar (TM-21) STS-71 3 months 
2 Lucid Blaha STS-76 STS-79 5 months 
3 Linenger Parazynski STS-79 STS-81 4 months 
4 Blaha Lawrence STS-81 STS-84 6 months 
5 Parazynski Lawrence STS-84 STS-86 4 months 


The cases of Wendy B. Lawrence, Jerry M. Linenger and Scott E. Parazynski are inter- 
esting. All three had volunteered for Shuttle-Mir after completing their ASCAN training 
in September 1993, and with several of the veteran astronauts having turned down the 
offer of long-duration missions to Mir, this cleared the way for some of the newer astro- 
nauts (such as this trio) to gain an early flight. But one of the rules for an assignment was 
to have flown at least one mission before a long-duration mission to Mir. Linenger was 
added to STS-64, Parazynski to STS-66, and Lawrence to STS-67 specifically to give them 
that experience. Later, Linenger and Blaha swapped places. This was because an astronaut 
was in line to make an EVA on Mir. NASA had hired Blaha as a Shuttle Pilot, so he had 
never received EVA training. Linenger, a Mission Specialist, was EVA qualified using 
NASA suits but would require time to train with the Orlan suit and Russian equipment.'? 

February 3-1, 1995: STS-63, the ‘Near-Mir’ mission. 

March 14, 1995: Soyuz TM-21 was launched from the Baikonur Cosmodrome with the 
Mir-18 resident crew, including US astronaut Norman Thagard. The trio were to return to 
Earth aboard STS-71. 

On the same day that Soyuz TM-21 lifted off, NASA reported that Michael (‘Mike’) 
A. Baker would be replacing Ron Sega as the fourth DOR.? Just over two weeks later, on 
March 30, the agency announced that Shannon W. Lucid and Jerry M. Linenger had been 
selected as the prime astronauts to undertake residencies on Mir, with both being launched 
and returned aboard the Shuttle. The same release named John E. Blaha as Lucid's 
back-up and Scott E. Parazynski as Linenger's back-up. On April 14, NASA revealed a 
cadre of ten astronauts to fill the crew positions on the STS-76 and STS-79 missions.” 
Richard A. (‘Rick’) Searfoss would join Chilton on STS-76 as PLT. Ron Sega, Rich 
Clifford, and Linda Godwin received the MSI, 2 and 3 slots respectively. Lucid was to 
launch on this mission to Mir to begin her five month residency. Joining Readdy on 
STS-79 would be Terry Wilcutt as PLT. Jay Apt, Tom Akers and Carl Walz were MS1, 
2 and 3 respectively. This mission was to deliver Linenger for a four month residency on 
Mir and return with Lucid. 

June 27-July 7, 1995: STS-71, the first Shuttle-Mir docking mission delivered the two 
Mir-19 cosmonauts and returned with the three Mir-18 crewmembers, including Norman 
Thagard. 

In October, Parazynski received the disappointing news that he must end his long- 
duration training because he was too tall to fit safely inside the Soyuz seat recliner, a 
requirement for an emergency return to Earth. He was to be replaced as Linenger's back-up 
by another astronaut.” Shortly afterwards, it was also reported that Wendy Lawrence, 
who was about to begin a one year training program as back-up to Blaha, would have to 
terminate Soyuz training because she was too short to safely wear the Sokol pressure suit 
which was worn in that ship. Lawrence would instead train for a Shuttle docking flight.” 
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In October, NASA reported that Charles Precourt had been named as the fifth DOR, 
replacing Mike Baker who was to return to JSC to train for command of STS-81. 
November 12-20, 1995: STS-74, the second Shuttle-Mir docking mission. 


Members of the STS-89 crew participate in the Crew Compartment Fit and Function Test 
to familiarize themselves with the on board systems and layout of logistics in a Spacehab 
module. 


Extending Shuttle-Mir 


The new year, 1996, saw the start of what would become a continuous occupation of Mir 
by a series of NASA astronauts spanning a period of over two years, considerably longer 
than was envisaged by the initial agreement. The year kicked off with news of replace- 
ments for the disappointed Scott Parazynski and Wendy Lawrence. On January 16 it was 
reported that Mike Foale would be the new back-up to Jerry Linenger. Then he was to 
perform his own residency as the fifth and final US astronaut to undertake a long-duration 
mission. James (‘Jim’) S. Voss was assigned to back up Foale, but was not to make a long 
flight to the station himself? 

On January 30, NASA revealed plans to extend the Phase-I Shuttle-Mir docking 
program from seven to nine missions, stretching the program into 1998 and thereby allow- 
ing another two long-duration missions of American astronauts on the Russian station." 
Another significant development that same day was the naming of the first residents for the 
future International Space Station. Bill Shepherd was to be the ISS Commander for the 
first main expedition (EO-1) with Sergei Krikalev as one of the flight engineers. The plan 
was to launch from Baikonur in a Soyuz and return aboard a Shuttle. The as yet unnamed 
second ISS flight engineer would serve as Commander of the Soyuz spacecraft. 
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Three days later, news came of other flight assignments with announcement of the crew 
for the fifth Mir docking mission." The CDR for STS-81 was to be Mike Baker. Brent 
W. Jett was PLT. The MS1, 2 and 3 slots went to P. Jeffrey (‘Jeff’) K. Wisoff, John 
M. Grunsfeld, and Marsha S. Ivins. This mission would deliver Linenger to Mir and 
retrieve John Blaha. Linenger would return to Earth on STS-84, the sixth Shuttle-Mir 
docking, which would be commanded by Charles Precourt. 

On March 13 both Parazynski and Lawrence, who had ceased Mir training, were reported 
to be performing simulations in the WETF to evaluate EVA handrails for the space station. 
That same day, Lawrence was named as the sixth DOR.” She departed for Russia later in the 
month, allowing Precourt to return to Houston start training for the STS-84 mission. 

March 22-31, 1996: STS-76, the third Shuttle-Mir docking mission delivered Shannon 
Lucid to Mir. 

In April 1996, veteran cosmonaut Anatoli Y. Solovyov was assigned as the first 
Russian Director of Operations in Houston, in a similar role to his US counterpart in 
Moscow. This was clearly in preparation for his being named Soyuz Commander for 
the EO-1 mission, drawing upon his vast space flight experience of over 652 days in 
space and sixteen spacewalks (logging over 82 hr) and following on from his work with 
the Americans on STS-71. 

On July 15 four astronauts were named to fly with Precourt on STS-84.” Eileen M. Collins 
was PLT. French ESA astronaut Jean-Francois A. Clervoy was MS1. Carlos I. Noriega and 
Ed T. Lu, both NASA astronauts, were MS2 and 3 respectively. Precourt had visited Mir on 
the first docking mission and Collins had been PLT for the *Near-Mir' rendezvous mission 
STS-63. These assignments were early evidence that having US astronauts gain experience 
of space station missions with the Shuttle-Mir program was starting to pay off. One lesson 
learned from Skylab was that training for a flight to a space station was one thing, but learn- 
ing to live and work aboard one was a different challenge, one which the Americans had not 
been able to pursue for over twenty years. Prior to advancing to the ISS it was essential that 
crews learn to handle bulky cargoes and logistics within the crowded confines of Mir, as it 
was a task they would to do on almost every assembly flight for the ISS. 

In this same announcement of July 15 it was reported that Michael Foale would be 
launched to the station with the STS-84 crew to begin a four month stay, taking over from 
Linenger. A month later, NASA announced that veteran cosmonaut Yelena V. Kondakova 
would be assigned as MS4 on STS-84. She had already spent a 169 day mission aboard 
Mir between October 1994 and March 1995.*° 


Wendy Lawrence 


After her disqualification from Mir long-duration training, Lawrence was assigned as Director 
of Operations in Russia in the hope that there would be a change in policy to permit her to 
resume training. By late summer, it appeared that this was forthcoming. On August 16, NASA 
reported that Lawrence and David A. Wolf would start training as resident crewmembers for 
Mir.*! As she prepared to return to JSC, her replacement DOR was named on September 5 as 
Michael (‘Mike’) E. Lopez-Algeria.? 

Lawrence, it was planned, would launch on STS-86 to take over from Mike Foale prior 
to working with the Mir-24 and -25 crews. Dave Wolf would serve as her back-up, then 
launch on STS-89 to start his own four month mission on Mir. At this time, Wolf was 
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intended to be the final American resident crewmember, working with the Mir-25 crew 
before being retrieved by STS-91, the last planned Shuttle-Mir docking mission. 

September 16-26, 1996: STS-79, the fourth Shuttle-Mir docking mission delivered 
John Blaha and returned with Shannon Lucid. 

Continuing the run of crew announcements, on December 6, 1996, the crew for the 
sixth docking mission, STS-86, was named.** The CDR was Jim Wetherbee, who had also 
commanded the STS-63 *Near-Mir' mission. Michael (‘Mike’) J. Bloomfield was named 
as PLT. The four Mission Specialists all had interesting stories associated with space sta- 
tion missions. Scott Parazynski had recently lost his long-duration flight, but would never- 
theless visit Mir on this flight. Cosmonaut Vladimir Titov was getting his second Shuttle 
flight. He had experience of two previous Soyuz launches plus a long Mir residency. CNES 
French astronaut Jean-Loup Chrétien would be flying his first Shuttle mission, but had 
twice been in space, having had residencies on Salyut 7 and Mir. Joining them was Wendy 
Lawrence, back in training for a long-duration mission after her brief hiatus, She expected 
to replace Foale on Mir, who would return aboard STS-86 after a four month tour. 


The STS-91 crew walk out to the Astro-van for the short ride to the launch pad. 


The Final Crews for Mir 


January 12-22, 1997: STS-61, the fifth Shuttle-Mir docking delivered Jerry Linenger and 
returned with John Blaha. 

The names of the crew for the first of the two new Shuttle-Mir flights added the previous 
year were released on March 4, 1997.*4 In command of STS-89 would be Terry Wilcutt. 
He would be making his third mission and had flown on STS-79 six months earlier. 
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Pilot Joe Edward, was a rookie, as indeed were Mission Specialists Mike Anderson and 
James Reilly. The third Mission Specialist was Bonnie Dunbar, who would be flying her 
fifth Shuttle mission and her second to Mir. The flight was intended to deliver Dave Wolf 
to Mir and retrieve Wendy Lawrence. 

May 15-24, 1997: STS-64, the sixth Shuttle-Mir docking mission delivered Mike Foale 
and returned with Jerry Linenger. 

Linenger's residency was certainly an eventful one, with a fire breaking out on Mir on 
February 24, just a few weeks into his four month mission and at a time when there were 
two full crews aboard the station. He and his colleagues also avoided a collision with a 
supply ship during a manual docking test, plus numerous failures of equipment, some of it 
in vital systems. His replacement, Mike Foale hoped that all the issues had been sorted for 
his residency, especially as he already knew that his next flight would be the third HST 
service mission. What no one could have known, however, was how close he and his two 
fellow Mir crewmembers would come to not getting home at all. 

On June 25, an unmanned Progress did collide with Mir, depressurizing the Spektr module 
in which Foale had established his living quarters and forcing the crew of the station to deal 
with numerous tricky repairs and workaround tasks over several hours. The situation came 
close to requiring the crew to make an emergency return to Earth in their Soyuz lifeboat. 

The challenges of long-duration missions on Mir were clearly more than simply the 
workload and the isolation from Earth. The ever-present risk, a consideration for every space 
mission but more so for such lengthy ones, would also apply to the ISS. Mir was proving to 
be a realistic training ground for the Americans; perhaps a bit more realistic than they might 
have wished at times. The Russians have said that a person is not truly a cosmonaut until they 
have orbited the Earth, and that being in space is by far the best place to train for missions in 
space. The Americans were rapidly learning this particular piece of wisdom. 


In the White Room atop the launch tower at Pad 39B STS-81 MS Marsha Ivins adjusts her 
headgear prior to crawling into Atlantis for launch. 
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The Final Mir Assignments 


The following month, Wendy Lawrence was once again the recipient of bad news. On July 
30 it was announced that she would be replaced by David Wolf for the next long-duration 
flight to Mir.? She was now deemed able to fit into the Soyuz Sokol suit but was too short 
for the Orlan EVA suit. This new requirement was a consequence of the damage to the 
Spektr module, and the repairs all resident crewmembers might have to perform wearing 
the Orlan suit. Even if no EVA was planned for a particular mission, the NASA astronaut 
would have to be qualified to wear the suit during a contingency spacewalk. As Lawrence 
had never received EVA training due to her stature, she was grounded in favor of Wolf, who 
had. He would now receive training to use the Orlan suit and additional training to enable 
him to support the Russian cosmonauts during a number of planned EVAs. As a result of 
the late changes, the planned launch slipped ten days. Lawrence would remain on the 
STS-86 crew, backing up Wolf and applying her considerable knowledge to assist in the 
transfer of logistics to and from the station. This must have been a bittersweet assignment 
to a short mission on the very flight that she had been expecting would delivered her to Mir 
as a member of the resident crew. 

September 26—October 6, 1997: STS-86, the seventh Shuttle-Mir docking mission 
delivered Dave Wolf and returned with Mike Foale. 

On October 8, Kenneth D. Cockrell took over from Robert Cabana as Chief of the 
Astronaut Office at JSC. This enabled Cabana to begin full time training as CDR for 
STS-88, the first ISS US assembly flight.*° Two days later, on October 10, Andrew S. W. 
Thomas was named as the seventh and final US crewmember that would live and work on 
Mir.” He would replace Dave Wolf, launching on STS-89 for a four month stay in January 
1998 and returning on STS-91 in May. Jim Voss, who had backed up Mike Foale, would 
remain at Star City in support of Thomas. 

The next announcement, on October 15, added Russian cosmonaut Salizhan S. Sharipov 
to the crew of STS-89 as a Mission Specialist to assist in the transfer of supplies. He had been 
in training at JSC since August. Then on October 23 NASA named the final crew for STS-91 
to Mir. As expected, Charles Precourt was CDR. Dominic L. Gorie was the Pilot. The Mission 
Specialists were Wendy Lawrence, Franklin R. Chang Diaz, and Janet L. Kavandi. The flight 
would retrieve Andrew Thomas to conclude his residency aboard Mir. 

This was intended to complete the Shuttle crewing assignments to Mir, but three months 
later, on January 21, 1998, came the surprise report that veteran cosmonaut Valeri V. Ryumin 
had been added to STS-91. The formal wording said that he was “nominated” to fly on the 
final Shuttle visit to Mir? Ryumin not only managed the Russian Phase-I Mir-Shuttle 
program, he had participated in the design of the Salyut and Mir space stations and was 
vastly experienced. After flying on Soyuz 25 in 1977, he spent 175 days on Salyut 6 in 1979, 
during which he made an EVA. He then spent a further 185 days on the same station the 
following year. His task on STS-91 would be to examine firsthand the twelve-year-old Mir 
to decide whether it could support future crews or would have to be decommissioned. Based 
on the experiences of the astronauts who had visited and lived on Mir, particularly Linenger 
and Foale who had endured the fire and the collision, NASA was hoping for the latter. 
But they would be disappointed, because after conducting his inspection Ryumin urged 
operating Mir for a while longer. NASA complained that for the Russians to continue to use 
of Mir would distract from the start of ISS assembly later in 1998. 
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Lying in their crew seats on the mid-deck for the Terminal Countdown Demonstration Test are 
[l-r] STS-86 MS Jean-Loup Chretien of CNES and NASA astronauts Dave Wolf (thumbs up 
for the camera) and Wendy Lawrence. 


BY THE NUMBERS 


The statistics for crewing and flight assignments for space stations were (in part) as 
follows. 


Shuttle-Mir 


During the period of Shuttle operations at Mir, including STS-63 (but not STS-60), a total 
of fifty-five flight seats were occupied by forty-seven Shuttle crewmembers, with a further 
eleven seats occupied by resident Mir crewmembers: two embarking Mir-19 cosmonauts, 
three returning Mir-18 cosmonauts including Norm Thagard, and another six NASA astro- 
nauts, namely Shannon Lucid, John Blaha, Jerry Linenger, Mike Foale (who had also been 
on the STS-63 *Near-Mir' crew), David Wolf and Andy Thomas. 

The Shuttle Orbiter crews included four Russian cosmonauts: Vladimir Titov (who 
flew on the ‘Near-Mir’ mission and a docking mission), Yelena Kondakova, Salizhan 
Sharipov, and Valeri Ryumin. There were also representatives of other space agencies: 
Chris Hadfield (CSA), J-F. Clervoy (ESA) and J-L. Chrétien (CNES). 

Of the forty-seven people (thirty-eight male, nine female) who flew as Orbiter crew on 
missions related to Shuttle-Mir, forty were American (including eight female), four 
Russian (one female), one Canadian and two French. Seven astronauts (including three 
females) flew on two missions, and one flew three missions to Mir. Of the group, only 
Foale flew on a Shuttle-Mir crew (STS-63) prior to being assigned a residency aboard the 
station. This was due in part to the lengthy training process, primarily in Russia, to qualify 
for inclusion in a long-duration Mir resident crew. 
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Getting There 


The craft went into orbit. I was experiencing weightlessness — 
a condition I had read about in Tsiolkovsky's books. 
The feeling was strange at first but I soon got used to it, 


[and] continued with the programme set for the fight. 

Yuri A Gagarin, 

Post-flight comments on the flight of Vostok, April 12, 1961 
From Our Gagarin, published 1978 


Five decades after Gagarin’s first trip from the launch pad into space, the 8 min ride to 
orbit for the ten Shuttle flights involving the Mir station were relatively smooth rides. 


FROM PAD TO ORBIT 


Seven of the space station missions recorded what may be termed significant issues during 
the powered ascent to orbit insertion, but none of these affected the flight or threatened the 
safety of the crew. 

Firstly, during STS-76 in 1996, the third APU shut down prior to entering orbit. A review 
by mission management determined that the system was stable and could still support the 
planned mission. On STS-79 later that year, APU-2 powered down just 13 min into the 
flight, but again mission management decided that it was safe to proceed with a full 
duration mission. 


Preparing for Orbital Operations 


Normally, the first and second flight days of a Shuttle docking mission were taken up with 
configuring the vehicle for orbital flight. This involved the crew making a routine check of 
all the systems, opening the payload bay doors to deploy the heat dissipating radiators, 
checking out the RMS (if it was installed), and deploying antennas and the rendezvous 
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Atlantis heads for Mir at the start of the STS-71 mission. 
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radar, though the latter wasn’t immediately activated. The astronauts also configured the 
mid-deck and flight decks for the task ahead by doffing and stowing their launch and entry 
suits, collapsing the seats which had been used by the Mission Specialists, and unpacking 
and checking gear such as the EMU suits, EVA gear, and rendezvous aids. 

As Janet Kavandi remembered about STS-91, her first launch into space, “On your first 
flight the biggest adjustment is your anticipation on how you are going to react to micro- 
gravity, because you’ve never done it before. I knew some people who felt great and peo- 
ple not so great, so you are just hoping that you feel good enough to proceed with your 
assigned tasks in the timeline given. You don’t have time to feel bad. There is too much to 
do. Luckily, I felt very good and got out of my seat. We took photos of the External Tank, 
and then we opened the payload bay doors and got right to work. I remember feeling 
weightless for the first time, unbuckling and floating out of my seat. It was really, really 
cool. I was in the mid-deck. When I got to the flight-deck I saw the Earth for the first time 
out the window and I remember thinking how much it look like an IMAX movie, it was 
actually floating.” 

Kavandi continued, “I worked on Spacehab activation. It was a long day, that first full 
day, just getting all of the systems operating mostly by myself. It involved going through 
the procedures. Those were well written. Then there was the task of figuring out whether 
there was a label or any hardware missing. I had one issue where I had a power or data 
cable that had evidently floated away when I wasn’t looking. I couldn’t find it. So [had one 
piece of hardware missing. I had to delay set up until I'd located that cable. I was starting 
to think it hadn't been packed, but it eventually was found. I had just lost it."! 


GROUND CONTROL 


While the crew configured the Orbiter, the ground teams supported their preparations for 
docking with the station and stood by ready to assist in the event of a contingency 
situation. 

Owing to the increased workload and responsibilities of the joint program, both for 
Shuttle-Mir and forthcoming ISS operations, NASA had established an offshoot of the 
Astronaut Office at Star City near Moscow for astronauts training to live and work on 
those stations and the managers and controllers who would support them. 


Director of Operations in Russia 


The role of Director of Operations in Russia (DOR) was created in early 1984 to form 
managerial and operational relationships and to serve as a point of contact in Star City 
with Russian management, trainers, and cosmonauts. Many of those appointed to the role 
gained valuable experience of dealing with the Russians and their ways of doing things, 
and most of them went on to fly Shuttle-Mir or ISS missions. 

The NASA Mir History website observes that the responsibilities of the DOR were 
significant, including supervising the training of NASA astronauts while in Star City; devel- 
oping Mir rendezvous training materials for Shuttle crewmembers; coordinating the training 
for scientific experimenters; and establishing and maintaining operations, including 
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Table 6.1 Director Of Operations In TsPK, Russia (Shuttle-Mir) 


Name Date Start Tour Date End Tour 
Kenneth D. Cameron 1994 February 1994 November 
Ronald M. Sega 1994 November 1995 March 
William F. Readdy 1995 March 1995 October 
Charles J. Precourt 1995 October 1996 March 
Wendy B. Lawrence 1996 March 1996 October 
Michael E. Lopez-Alegria 1996 October 1997 June 
Brent W. Jett 1997 June 1998 February 
James D. Halsell 1998 February 1998 July 


procedures, to support joint flight operations between NASA and the RSA Many of the 
issues which developed in Star City were handled personally by the DOR. Astronauts served 
as DOR for about six months as NASA's local representative to the Russian trainers and 
managers, supporting the other astronauts, scientists and engineers working in Russia. They 
lived and worked in a dormitory called the “Prophy” (short for Prophylactorium) that the 
Russians historically assigned to cosmonauts newly returned from space flights. 

As William Readdy later reflected about his early DOR experiences, “The objective 
was to prepare the ground to make sure that the two initial crewmembers that were over 
there - Norm Thagard and Bonnie Dunbar — got the support that they needed, [ranging 
from] living accommodations, all the way through all of the technical and professional 
training, and all of the travel and support. Star City is not in Moscow, and depending on 
the roads and the weather it can be a couple of hours' [drive] outside of Moscow, so the 
logistics are daunting. But the idea was to support them. That means also supporting the 
trainers and experimenters, and all the other NASA folks that go along with that." 

Over the years, NASA's presence in Russia has grown, with its organizational duties 
expanded to support NASA activities on ISS operations. The tasks of the DOR evolved 
with the program, becoming more managerial and less jack-of-all-trades. 


Mission Control Houston, Shuttle-Mir 


The lessons learned by NASA from the Apollo-Soyuz Test Project in the 1970s were fed 
directly into Shuttle-Mir and (less directly) to ISS-Shuttle. The Shuttle-Mir effort was split 
into three elements: United States (Space Shuttle), Russian (Mir), and Joint (docked phase). 

Traditionally, NASA Mission Control in Houston, Texas, dealt with Shuttle flight oper- 
ations, utilizing their experience in the role since 1981. An additional position in the Flight 
Control Room (FCR, ‘Flicker’) was created for the joint docking missions. This Russian 
Interface Officer (RIO) served as a link between the Flight Director in Houston and the 
Russian in charge of Mir Operations at the Moscow Flight Control Center. 

Joint flight control operations allowed the two agencies (NASA and RSA) to share 
responsibility for each flight, and to develop joint flight techniques and flight rules. It was 
decided that the hatch between the Shuttle and Mir would be the line that divided the 
responsibilities on-orbit. Houston was responsible for the safety of the Shuttle crew during 
their activities, for the docking operation, for the Shuttle crewmembers on Mir, and for 
undocking. All real-time decisions would be worked jointly. 
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The Shuttle Rendezvous Profile 111 


The historic Flight Control Room 1 was used for the STS-60 mission that carried the 
first cosmonaut on the Shuttle, for the STS-63 ‘Near-Mir’ rendezvous mission, and for 
STS-71, the first docking mission. For STS-74, the second docking mission, FCR-1 was 
used for ascent and landing, while the new White Room was used for orbital operations. 
For STS-76, FCR-1 was used for ascent only and the White Room for orbital operations 
and landing. From STS-79 through to the end of the Shuttle-Mir program (and later for all 
ISS-Shuttle missions) the White Room was used for all operations, starting with the 
Shuttle clearing the tower at the Cape and running through to the post-landing activities at 
the conclusion of a mission.* 


THE SHUTTLE RENDEZVOUS PROFILE 


With the Shuttle safely in space, the orchestrated orbital ballet to reach the station could 
start. This process drew upon decades of study and practical experience. The theory of a 
spacecraft adjusting its orbit in order to draw up alongside another (rendezvous), flying in 
formation (proximity operations), and joining them together (docking) was explored 
mathematically in the early years of the 20th century and studied in detail in the 1950s. 
These activities were first demonstrated on-orbit in the mid-1960s, as were the follow-on 
tasks of uncoupling (undocking) and having one vehicle pirouette around the other 
(fly-around) for inspection, observation and other purposes. 


Skills Based on History 


NASA gained its first experience of rendezvous and docking in space in 1965-1966, when 
two-man Gemini spacecraft chased unmanned Agena rocket stages fitted with docking 
collars.^ The reason for the Gemini program was to develop the skills that would be 
required by the Apollo program. These techniques were applied to enable Apollo Command 
and Service Module to rendezvous and dock with Lunar Modules (1969-1972), the Skylab 
orbital workshop (1973) and then a Soyuz launched by the Soviet Union (1975). 

The USSR had developed its own rendezvous and docking hardware and skills, although 
not always successfully, for the Soyuz program from 1967. It amassed an extensive record 
of rendezvous and docking operations by Soyuz vehicles, first with each other and then 
with a succession of Salyut, Almaz, and Mir space stations. This database was enhanced 
by a very impressive series of unmanned dockings to various stations, mostly involving 
(from 1978) the Progress resupply craft that was derived from the Soyuz and also some 
heavier scientific modules. 

More recently unmanned commercial vehicles have undertaken docking, berthing, 
and proximity operations at the ISS. The Chinese have demonstrated their mastery of this 
skill by docking Shenzhou spacecraft with Tiangong laboratories. 

Orbital rendezvous, docking, and proximity capabilities are key skills for current space 
operations, and will doubtless continue to feature prominently in the future. 
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DEVELOPMENT OF SHUTTLE RENDEZVOUS 


With all this history, it would be logical to presume that rendezvous and docking was always 
an integral aspect of the thirty-year Space Shuttle program, but this wasn’t so. Though 
several missions had undertaken rendezvous and proximity operations in the 1980s and 
1990s, hard dockings did not begin until Shuttle-Mir (1995-1998), which was a precursor 
to the ISS assembly process (1998-2011). 

Much of the development work for Shuttle rendezvous, proximity operations, and 
docking/undocking was undertaken for Space Station Freedom, and this initial effort was 
carried through to developing techniques for docking with Mir and later with the ISS. 

Early studies of space rendezvous and docking conducted during 1969 were part of the 
planning for what was then known as the Advanced Logistics Systems (ALS) that eventu- 
ally evolved into the Shuttle. The basic idea was to provide a system to resupply a space 
station at between 200-270 nautical miles (370.4—500 km) in an orbit inclined at 55? to 
the equator. Some factors were borrowed from Gemini and Apollo but studies determined 
that the best technique would be to launch directly into the station's orbital plane (launch 
opportunities were possible on a daily basis) and to rendezvous with the station no later 
than 24 hr after launch and subsequently to land no more than 24 hr after undocking.? 

In the early 1970s, work continued to define the means of rendezvous as part of the 
Shuttle Phase B studies. It was realized that, although the theory and method was well 
understood from Gemini and Apollo, anything new should not technically challenge the 
mission design; that the Shuttle should have the capacity to dock in an automatic mode; 
and that the spacecraft computer should be more powerful than that of the Apollo era. 

By 1973, four theoretical reference missions had been drawn up to assist in mission 
planning, three of which involved rendezvous. Back then, there was a requirement for a 
second Shuttle to rescue a stricken Orbiter within 96 hr of the rescue craft's launch. It 
needed to be capable of rendezvousing from either above or below, in accordance with the 
situation. This requirement was later deleted and the decision to abandon the rescue capa- 
bility would haunt NASA thirty years later when Columbia suffered damage during the 
ascent to orbit and broke up upon re-entry. 

Some of the early studies into Shuttle rendezvous were reviewed when evidence of 
plume impingement was noticed on film footage of the Apollo spacecraft flying around the 
Skylab orbital workshop. This revealed evidence that the CSM RCS jet firings that con- 
trolled the attitude of the spacecraft had prompted a rippling of the parasol that had been 
manually deployed on the workshop to act as a thermal shield. The Russians, then plan- 
ning their role in the Apollo-Soyuz mission, expressed concern about the possible effects 
of plume impingement on the solar panels of their Soyuz spacecraft. In order to prevent 
impingement, it was agreed that the four RCS jets that fired forwards from the Apollo 
would be inhibited within 2 sec of first contact during docking. 

At this same time, there was growing concern in the payload community about the 
possible effects of RCS jet effluent during close rendezvous and proximity operations by 
the Shuttle, as well as contamination from propellant leaks on the launch pad and from 
particulates in the exhaust plume during the ascent. To alleviate these concerns, the 
approach trajectory of the Shuttle to some payloads would be revised. However, it was 
clear that it wouldn't be possible to totally preclude contamination. A procedural 
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compromise was the decision to set a minimum range limit, after which jets could not be 
fired. This limit was deemed to be the station-keeping distance at which the RMS arm 
could grapple an object. This issue resurfaced twenty years later in developing the plan for 
the STS-63 ‘Near-Mir’ rendezvous, when the Russians raised concerns about the jets of 
the Shuttle impairing Mir's solar panels. 

In 1975 NASA set out to develop the rendezvous procedures for the Long Duration 
Exposure Facility and Solar Maximum missions. The main issue was the large size of the 
Shuttle RCS engines in comparison to the small size of the satellites. During the following 
year, modeling revealed that, at the time of release from the RMS, plume impingement 
would make releasing a payload tricky, if not actually impossible. The same went for using 
the RMS to grapple a payload. This seriously threatened a major objective of the Shuttle 
system, namely the deployment and retrieval of satellites. So this was a critical period for 
the nascent program. 

A variety of solutions were proposed. Many called for increased use of propellant, 
which the Orbiter simply could not carry. Some ideas were useful but others were not, and 
some were downright dangerous. It was during this time that the phrase ‘proximity operations’ 
or ‘prox-ops’ entered the vocabulary. It would become a familiar feature of a number of 
Shuttle flights over its thirty-year career. 

The prox-ops phase normally began at a separation of about 2,000 ft (609.6 m) from the 
target and obliged the Shuttle to almost continuously control its trajectory. This was much 
better than the maneuvers that were controlled by rendezvous, which could occur over a 
much longer time period and with intervals ranging from several hours to a few minutes. 

Studies to investigate the prox-ops approach were made at the Systems Engineering 
Simulator (SES) at NASA JSC in Houston in the summer of 1977. This simulator was 
the first to allow movement in six degrees of freedom. This research focused upon the 
‘science’ of various methods for approaching a target and station-keeping with it, with the 
data being compared to that obtained during the Apollo program. 

The approaches explored the V (vertical) Bar, R (radii) Bar, and H (horizontal) Bar lines 
of approach, utilizing the + X axis RCS for braking. From this data, it was found that the H 
bar approach had the advantage of providing the Commander and Pilot with better illumina- 
tion of the target. However, while this approach benefited from neutral acceleration, it didn't 
have the natural braking offered by the +R Bar. This meant that the H Bar approach would 
require frequent thrusting directly toward the target for the braking phase. This method was 
not favored for operational use for reasons of safety, propellant consumption during station- 
keeping, and the extent of plume impingement. Another technique used the Local Vertical, 
Local Horizontal (LVLH). In this attitude, the nose of the Shuttle was aimed in the direction 
of travel (the velocity vector), while the upper (+Z) surfaces faced out to space and the lower 
(—Z) surfaces faced the Earth, very like how an aircraft travels in level flight. To maintain this 
attitude the spacecraft performed a continual pitch rotation at 4?/min (i.e. 360? each 90 min 
orbit). For Earth-observation missions the vehicle would fly ‘inverted’ (with the opposite 
pitch rate) to permit instruments in the payload bay to observe the ground. 

Another option evaluated in 1977 was the Low Z mode. This used a combination of 
thruster axes to mitigate plume impingement while braking. But by firing the jets at an 
angle to the approach axis, the Low Z mode consumed a great deal of propellant. That year 
also saw the control software on the Shuttle expanded to perform attitude-hold within the 
LVLH frame. 
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A sketch of the Shuttle-Mir docking system. 


On Board Systems 


Radar: Early in the planning for Shuttle rendezvous navigation, the intention was to 
install a transponder in each target and have the Orbiter track the target, starting at a range 
of 300 nautical miles (162.16 km). The cost of developing the system delayed incorporat- 
ing it into the Orbiter, so several of the early rendezvous missions did not have a radar. 
This delay kick-started investigations into other navigational systems, including optical 
ones and the use of the Tactical Air Navigation (TACAN) system. Only the K,-band radar 
proved suitable. 


K,-band: The increased support for a K,-band radar was originally driven by the plan for 
a Shuttle to rendezvous with Skylab in the late 1970s. With the prohibitive cost of supply- 
ing all the rendezvous targets with transponders, the expense of spare parts for the Shuttle 
radar, and the range limitations with the proposed system, the development was switched 
instead to a K,-band antenna and associated electronics. A bonus of the K,-band was that 
it could also be used for communicating via the proposed network of geostationary TDRS 
satellites. 


Optical tracking: The Orbiter had two star trackers that were to be used to align the Inertial 
Measurement Unit, but these were limited by the brightness of sunlight and by light 
reflecting off the Moon, Earth, and bright parts of the target. There was a back-up system 
available to the crew however. The Crew Optical Alignment Sight (COAS) was to make 
angular measurements, and this would prove essential in proximity operations. With the 
difficulties being experienced in developing a back-up method for measuring range and 
range-rate, several alternative ideas were studied and in some cases flown on early Shuttle 
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missions to evaluate their potential. These included a parallax rangefinder, a night vision 
system, and a laser rangefinder. None of these gave satisfactory results at the time. TDRS 
Doppler measurement was also considered, but rejected because of the limitations in 
computer capacity. In the late 1970s consideration was given to using the emerging Global 
Positioning System (GPS) but that was too early in its development to be used in that 
manner and adapting it for use on the Shuttle seemed likely to be rather expensive. 


The Way to Go 


Targeting: Planning for a ground-targeted phase maneuver was initiated several days 
before launch and amended once the Shuttle was on-orbit to reflect the real-time data 
and performance from the ascent and Orbiter insertion. At that point, the ground-tar- 
geted phase of the rendezvous started, using data received from TDRS Doppler mea- 
surements, ground tracking stations, and any refinements required by problems 
encountered either on the Orbiter or on the target, all processed by Mission Control. 
However, the data supplied by Mission Control would be used only if the Orbiter's systems 
malfunctioned. The on-orbit targeted phase began as soon as one of the star trackers of 
the Orbiter was able to make relative measurements, and the subsequent orbital adjust- 
ments were calculated on board. The specific activities from this point through to the 
onset of proximity operations at a range of around 2,000 ft (609.6 m) varied only slightly 
from one mission to another. 

Originally, the rendezvous system was based upon the system developed for the Apollo 
program, which combined an on board system known as the Orbit Maneuver Processor 
(OMP) with ground-based data. Starting in 1974, the capability was being developed for 
the Shuttle to fly an autonomous rendezvous that required little or no assistance from 
Mission Control. There remained a contingency option in which the crew could use on 
board checklists or assistance from Mission Control, with ground controllers still able to 
compute maneuvers, but this would apply only to serious off-nominal situations where the 
on board system could not yield solutions. The limited computer capacity at the time was 
such a restriction that by 1976 attention switched away from this OMP option. An alterna- 
tive package was chosen for the Shuttle. The OMP was now installed in maneuvering 
software in Mission Control, processing the data from state vectors updated by radar and 
star tracker and supplemented by visual observations and measurements. 


Co-elliptic versus Stable Orbit Rendezvous: The initial studies carried out in the early 1970s 
to define the baseline rendezvous for the Shuttle centered upon the dual elliptic option, but 
there remained serious doubts about its suitability for the Shuttle well into the 1980s, pri- 
marily relating to the quality of on board optical tracking. An additional concern, as far 
back as 1978, was the high consumption of forward-RCS propellant. However, in 1975 a 
study began of the Stable Orbit profile. This had been investigated once before for the 
Shuttle in the early 1970s and had already been used operationally by Gemini XI during a 
rendezvous with an Agena target in September 1966. This type of rendezvous began by 
intercepting the target from a point on the —V Bar approach instead of the co-elliptic point. 
This approach could also streamline the flight path when the Shuttle, having deployed one 
satellite, was required to retrieve a second. In addition, a contingency retrieval of a deployed 
satellite might be easier by using this type of approach. In effect, stable orbit was long range 
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station-keeping at a range of tens of miles/kilometers. It contrasted with station-keeping at 
a range of just tens of feet/meters, which required greater crew monitoring and increased 
propellant usage. However, one potential drawback was whether the tracking of a passive 
target would be adequate using this method. 

After the first two OFT of the Shuttle in 1981, the concept and reusability of the overall 
system was proven by the test maneuvers of the unladen RMS. But that same year the 
mission designs for the Long Duration Exposure Facility (LDEF) and Solar Max had dif- 
ficulties in applying the stable orbit rendezvous. Instead an alternative to the co-elliptic 
profile was devised, called the “tuned” co-elliptic. In this, a rendezvous maneuver would 
be targeted from on board the Orbiter from a maximum star tracker range of 150 nautical 
miles (277.8 km) by comparing radar and star tracker data. This technique also reduced 
propellant usage by increasing the Earth-centric transfer angle measured from the point at 
which the terminal phase was initiated and the completion of the rendezvous. 

There was a lengthy debate about the best method to employ. During Gemini, co-elliptic 
rendezvous had proven to be a good solution, so some veteran astronauts and flight con- 
trollers saw no need to develop a brand new technique for the Shuttle, even though stable 
orbit offered reduced propellant consumption and placed fewer burdens on crew schedule. 
Nevertheless, this technique was adopted for the Shuttle baseline in April 1983, and was 
used during the preparations for the STS-41C mission which was to rendezvous with the 
Solar Max satellite. 


A close up of the Orbiter Docking System. 


Putting Theory into Practice 


The first opportunity to demonstrate rendezvous during a Shuttle mission occurred on 
STS-7 in June 1983, when proximity operations with the Shuttle Pallet Applications 
Satellite (SPAS-1) were carried out. The planned rendezvous demonstration test was 
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The ODS at the front of the payload bay. 


canceled during STS-41B the next year due to the loss of the Integrated Rendezvous Target 
balloon, which burst as it was being inflated. Better results were achieved by STS-41C in 
April 1984 and validated the years of research, studies and simulations to develop an 
effective method of rendezvous between Shuttles and free-flying targets. Over the next 
two decades, the Shuttle flew a variety of rendezvous missions, adding experience and 
data useful for the later rendezvous and docking missions to Mir and ultimately the ISS. 

In total the Shuttle made four rendezvous or proximity operations demonstrations. The 
first was the 1983 STS-7 test with SPAS-1. The second was the 1985 STS-51G demonstra- 
tion of station-keeping using the proximity operations autopilot. This was repeated by 
STS-61B later that year using a deployed radar-reflector. The fourth test was made by 
STS-37 in 1991, using the just-deployed Gamma Ray Observatory as a target to assess 
optical navigation. 

Four other flights that were classed as satellite servicing missions had to undertake ren- 
dezvous in order to achieve their primary mission objectives: STS-41C (Solar Max, 1984), 
STS-51D and STS-511I (Syncom IV-3, both 1985), and STS-49 (Intelsat F-3, 1992). There 
were also the five HST service missions flown between 1983 and 2009 (STS-61, -82, -103, 
-109 and -125). In addition there were sixteen flights that carried out rendezvous and prox- 
imity operations to enable RMS-deployed payloads to make scientific observations prior to 
being retrieved later in the mission; namely STS-51G and -51F (both 1985), STS-39 (1991), 
STS-56 and -51 (both 1993), STS-60, -64, and -66 (all 1994), STS-63 and -69 (both 1995), 
STS-72, -77, and -80 (all 1996), STS-85 and -87 (both 1997), and STS-95 (1998). Four 
others retrieved satellites for return to Earth: STS-51A (1984), STS-32 (1990), STS-57 
(1993), and STS-72 (1996). 

James H. Newman participated in developing rendezvous and proximity operations 
for the Shuttle, and flew several times as a Mission Specialist. One of his technical 
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assignments was as Chief CB Computer Group and he put this experience to good use 
during STS-51 in 1993. It was on this flight that the crew developed the first Orbiter to 
laptop data stream, which in modern vernacular meant they ‘hacked’ the Orbiter data 
stream onto a laptop. But Newman assures us, “Obviously, we did it with permission.” 
This ‘hack’ was the prototype for the first rendezvous situation awareness tool named 
Rendezvous and Proximity Operations Program (RPOP).' Newman also took part in 
developing a system for the RMS known as the Robotic Situation Awareness Display 
(RSAD). He tested this during the STS-69 mission in 1995. Three years later Newman was 
flying on STS-88, the first ISS assembly flight, and set up the first wired network in space. 
He was able to build upon the past experiences and experiments to produce a linked net- 
work that gathered data from around the cockpit. This proved very useful for rendezvous 
and prox ops. It was also useful when he flew on the STS-109 HST service mission in 
2002. When set up on the flight deck, the system provided the Commander with a clear 
view of rendezvous and prox ops inputs, displaying various types of data including range 
data from the radar and from the laser rangefinder that was evaluated by STS-51. Newman 
notes that it was crowded on the flight deck during rendezvous, but the Commander had a 
numbers of tools at his disposal to efficiently carry out the operation. That experience 
showed that the situation awareness tool was very useful, but not essential. 

This chain of development reveals the long association of a particular astronaut with the 
creation of a particular system over many years and a number of flights, that would prove 
to have applications far beyond the original motivation. 

Of course, not all of these events were directly related to station operations but such 
experiences guided evaluations of station rendezvous techniques and raised the level of 
knowledge of rendezvous and proximity operations in the Astronaut Office. 


The view through the COAS (Crew Optical Alignment Sight) as STS-89 approaches Mir. 


"Rendezvous and Proximity Operations Program (RPOP) is pronounced ‘Prop.’ 
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SHUTTLE DOCKING PROSPECTS AND CAPABILITY 


Early promotional illustrations of Shuttle rendezvous and proximity operations focused on 
the versatility of the Shuttle system, highlighting its ability to dock with stations and support 
extensive orbital activities. 

STS-7 was the first mission to experiment with prox ops by deploying the SPAS-1 
free-flyer, station-keeping, and then retrieving it. This kicked off a series of missions over 
the next fifteen years that conducted rendezvous and proximity operations with commercial 
communications satellites and scientific free-flyers. In many cases, the RMS would either 
deploy a payload or grapple and berth it in the Orbiter. The final flight to conduct this type 
of activity was STS-95 in 1998. The extensive rendezvous operations involving the Hubble 
Space Telescope would also play a valuable role in preparing for Shuttle missions to space 
stations, including the HST service missions that came after the Shuttle began station 
operations. 


Methods of Approach 


Over the past fifty years, the standard rendezvous and docking method involved an 
active spacecraft chasing a second, passive vehicle. To achieve this, the active craft 
requires the ability to maneuver in space in order to change orbits, to close in on the 
target, to station-keep prior to docking, and to maneuver around the target during the 
fly-around after undocking. The passive vehicle also needs to be stable in its orbit to 
serve as the target. 

Changing the orbit of a vehicle in space depends upon firings of its maneuvering thrust- 
ers, either in line with or against the direction of travel, in order to increase or decrease 
orbital velocity. The path and velocity of a given orbit varies according to its altitude. The 
closer a spacecraft is to Earth, the greater is its orbital velocity, and vice versa. If the active 
spacecraft requires to catch up with a target that is in a higher orbit, the necessary maneu- 
ver is the reverse of what you would expect to do on the ground. Increasing the velocity by 
firing the engines with the direction of travel will raise the apogee of the orbit and s/ow the 
velocity, because the higher orbit traces out a longer path. To increase velocity, the engines 
must be fired against the direction of flight in order to lower the orbit and shorten the path 
around the planet. Over a period of hours or days, as required by the mission, this ballet of 
small maneuvers eventually delivers the active craft to its target. 

The initial rendezvous can sometimes end with the two spacecraft thousands of miles 
apart and hence out of sight of one another in a so-called drift orbit. Once both vehicles are 
in a similar orbit, the final approach can start. At 3,300 ft (1 km) apart, the prox ops phase 
can close the range initially to 330 ft (100 m) and thence to 33 ft (10 m). After a period of 
station-keeping to verify the systems and alignments, the docking phase starts. The nomi- 
nal docking rates are 0.1-0.2 ft/sec (0.030-0.06 m/sec). An initial capture (soft dock) 
makes a physical connection between the two vehicles, then, depending upon the design 
of the apparatus, there is a process of retraction to draw them together to enable capture 
latches to establish a rigid connection (hard docking). 
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Docking Approaches 
There are three main docking methods available: 


e R-Bar. This is employed when the active spacecraft (Shuttle) approaches a passive target 
(the ISS) along an imaginary line (bar) aligned with Earth's radius (R, the radial vec- 
tor). An approach from ‘above’ with the target in between the active vehicle and Earth 
is called the ‘negative R-Bar' and an approach from ‘below’ where the active vehicle is 
positioned between the target and Earth is known as the ‘positive R-Bar- 

e V-Bar. This describes a ‘horizontal’ approach along the passive vehicle's velocity vector 
(V) from ‘behind,’ parallel to the velocity of the target (in front). 

e Z-Bar. In this ‘horizontal’ case the active spacecraft approaches from the side of the 
orbital plane of the target. 


Plume Control 


When a Shuttle performed its final approach maneuvers, it was essential to ensure that the 
efflux plumes from the forward-firing RCS jets didn't damage or contaminate any part of 
the target (i.e. Hubble, Mir, or the ISS) it was to dock with. Hence, rather than use the 
forward-firing RCS jets (Norm Z mode) the final approach used jets that were slightly 
offset in the RCS units in the nose and tail of the Orbiter (Low Z mode) while closing from 
1,000 ft (304.8 m) to 250 ft (76.2 m). After that, the pilots of the Shuttle had greater control 
over the thruster firing and could resume normal operation. 


SNIP or SNOOPy? 


The attitude of the Shuttle when docking along the velocity vector was dependent upon the 
power levels of the station and the Sun's angle at the time of the docking. With the Shuttle's 
nose in-plane with the velocity vector, this was referred to as the SNIP mode (Shuttle Nose 
In Plane). Conversely, if the nose was yawed (left or right) in-plane with the velocity vec- 
tor, it was the SNOOPy mode (Shuttle Nose Out Of Plane). 


The Corridor 


The "corridor" was an imaginary cone extending from the center of the docking unit on the 
station to a distance of about 250 ft (76.2 m). Within this cone were the parameters that the 
Shuttle jets were allowed to fire as the craft closed in. From 250 to 30 ft (76.2 to 9.14 m) 
the cone was 16? wide with a tolerance of 2.5 ft (0.76 m) at 30 ft; from 30 to 10 ft (9.14 to 
3.04 m) it narrowed to 10°; then from 3 ft (9.14 m) to the final docking it transformed into 
a cylinder that had a diameter of just 6 in (15.24 cm). 


ORBITER DOCKING SYSTEM 
On June 12, 1969, the Space Shuttle Task Group (SSTG) issued its final report to the 


Space Task Group (STG) recommending that the chosen design of the Shuttle must be 
capable of performing six types of mission. The first was “logistical support of a 
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low-Earth-orbiting space station,” including ferrying personnel, supplies and propellant to 
the station and returning experiment data and manufactured products to Earth.’ In the 
Phase A studies sent to NASA later in the year the North American Rockwell concept 
included an airlock installed in the payload bay which would swivel around in order to 
serve as the docking interface for a station. With the Phase B studies, the McDonnell 
Douglas-Martin Marietta concept had an airlock with an EVA hatch mounted directly 
behind the crew compartment. The North American Rockwell concept also stated that the 
Orbiter would be capable of remaining docked in a powered down state at a space station 
for up to five days. During this same period 1970-1972 the Manned Spacecraft Center 
came up with a variety of designs and configurations of its own for the Shuttle. The MSC- 
004-1 design of September 1971 included an airlock and a docking hatch in the nose. 

The design of the Shuttle would remain speculative until after Congress granted its 
approval in January 1972 to proceed with the concept. 


Rockwell’s Docking Modes 


In July 1972, North American Rockwell issued its final report on the Safety in Earth Orbit 
study that had examined a variety of vehicles (including the Shuttle and a space station) in 
terms of five main issues, including docking.? Specifically, it studied three different ways of 
docking a Shuttle to a space station. The first concept called for the Orbiter to dock directly 
at the station in a similar manner to an Apollo CSM docking with a LM. Another option was 
to use Remote Manipulator arms on either the Shuttle or the station to grapple the other craft. 
One consideration here was that, with the time available for docking at such a low velocity, 
it would be easier to use RMS devices at close range than it would be to dock by using 
maneuvering thrusters. The third option was to soft dock with a flexible tunnel that could be 
extended and allow the Shuttle to remain separate from the station. It was believed that all 
three systems could be safely operated, but they all posed the risk of damaging either the 
vehicle or docking system. As Dennis R. Jenkins writes in his excellent history of the Shuttle, 
“The damage could conceivably be critical enough to result in the loss of the vehicle and 
crew.” The study found that although the RMS system had the lowest potential for causing a 
collision, it also had the most failure modes. The problem facing the designers was that there 
was simply not enough data on the alternatives to the direct docking utilized by Apollo. 
The RMS was very early in its concept design, so there was no hard data yet. The proposal 
for an extendable tunnel concept was merely a paper study. 


Phase C Docking Concepts 


Several Phase C concepts were suggested in May 1972. One by Grumman-Boeing was to 
position the docking port and airlock in the nose of the Orbiter since it was believed this 
would simplify the design. The docking system was housed in the front of the nose behind 
a protective fairing, while the EVA airlock and hatch was in the top of the nose compartment. 
The Lockheed concept sited the airlock and docking system in the front of the payload 
bay, and included a separate payload handing station. The McDonnell Douglas concept 
had two separate airlocks — one in the front lower cabin for docking operations and the 
other in the rear of the lower cabin to provide access to the payload bay and to conduct 
EVA activities (this one being similar to the design that was finally chosen). Each of 
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McDonnell’s airlocks had an internal volume of 210 cu ft (5.94 cu m) and could accom- 
modate two space-suited crewmembers.’ 

On July 26, 1972, the contract to build the Shuttle was awarded to North American 
Rockwell. The design of the Orbiter was finalized over the next several years, with the 
EVA airlock being located in the aft mid-deck, as in the McDonnell Douglas Phase C 
concept, but with the option of relocating it into the payload bay as part of the transfer 
tunnel to a Spacelab pressurized module. 

During the 1970s NASA’s focus was to get the Shuttle flying and to concentrate on 
performing commercial missions, rather than missions which required rendezvous and 
docking operations, therefore the design of the Shuttle docking system stalled in favor of 
grappling techniques with the RMS. However, the success of the Apollo-Soyuz Test 
Project with the Soviet Union led to discussions about a Shuttle-Salyut docking, so the 
idea did not entirely go away. With the 1984 decision to use the Shuttle to build Space 
Station Freedom, the development of a docking system became a priority. 


Shuttle at Mir 


The Russian Androgynous Peripheral Docking System-89 (APAS-89) was based upon 
the APAS-75 used by the ASTP mission. It was originally intended for use between a 
Soyuz spacecraft and the Soviet space shuttle Buran during early trials of the latter. 
In addition, the ‘passive’ system was installed on the Kristall module which was added 
to the Mir space station in 1990. The Buran shuttle was canceled after the collapse of 
the Soviet Union in 1991. In February 1993, Soyuz TM-16 was equipped with the 
‘active’ system to demonstrate this new apparatus in readiness for the forthcoming 
Shuttle-Mir visits. 

APAS-89 had been extensively modified from the ASTP system. In particular, the outer 
diameter was cut from 79.9 in (203.0 cm) to 61.0 in (155.0 cm) and in order to provide 
better clearance of Mir appendages the alignment petals were turned to point inwards 
rather than outwards. These alterations reduced the diameter of the passage through the 
docking system to about 31.5 in (80.0 cm). 

The Kristall module was the logical point at which to dock the US Shuttle with the Mir 
station, but an interim unit would be needed in order to enable the Shuttle to dock without 
fouling the station’s external items. The Russians supplied the Americans with a Docking 
Module that a Shuttle would attach to Kristall to serve as a spacer to create the desired 
clearance. 

The new docking assembly featured a capture ring containing three panels, each of 
which was fitted with a pair of capture latches to grapple body mounts installed on the unit 
on Kristall. Once the capture rings on both APAS units were properly aligned, the latches 
engaged. The Shuttle docking system was mounted on shock absorbers which reduced the 
relative motion of the two vehicles to prevent a collision. Once the capture was complete, 
motors in the unit on the Shuttle first moved its capture ring out into its fully extended 
position and then retracted it to attain a hard docking. The guide ring of the APAS had 
three petals, with a motor-driven capture latch in each petal to act as a damper, and five 
fixer mechanisms. The mechanism permitted the guide ring to move only in the direction 
perpendicular to the plane of the ring. Three ball-screw-nut pairs connected using a common 
linkage, and the system had three electromagnetic brakes. 
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SHUTTLE DOCKING PROFILE 


The approach of a Shuttle to dock with a station can conveniently be divided up into 
separate phases. 
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The rendezvous phase of the STS-74 R-Bar approach to Mir. (Courtesy Canadian Space Agency) 
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The STS-74 R-Bar approach to Mir from the holding position directly below the station. 
(Courtesy Canadian Space Agency) 
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Preparation 


The Shuttle made small rendezvous maneuvers (known as Nominal Corrective or ‘NC’ 
burns) during its approach and as it closed in on the station it would activate its radar to 
track the target and supply range and range-rate data. The Commander would normally be 
stationed at the controls on the aft flight deck, observing out of the aft and overhead 
windows to view both the target and the docking assembly by line of sight, whilst also 
using closed circuit television views from cameras inside the docking system to align the 
vehicles correctly for the final approach. The Pilot would provide assistance to the 
Commander, while other crewmembers operated the docking mechanism, the ranging 
devices and an assortment of cameras. This teamwork ensured that more than one pair of 
eyes were monitoring the developing maneuver. 

The crew configured the switches to power up the Orbiter’s docking system in the hours 
leading up to the final approach. Since there were no limitation to having these units con- 
tinuously powered, applying power might occur earlier on some flights than others. As the 
launch caused considerable vibration, the docking system was initially configured with the 
active docking ring fully retracted, with the structural hooks open and the capture latches 
closed. At a convenient time during the rendezvous operation, the ring would be extended 
into its ready-to-dock (Ring Initial) position. By removing the inhibitor that prevented 
manual operation of the system, the ring deployed and the hooks and latches were set. This also 
allowed commands to be sent. Two motors drove the ring at a rate of 4.3 in (109.22 cm) 
per minute out to its initial position, some 13 in (33.02 cm) from its final position. As this 
ring extended, fixers were activated to ensure that the ring remained rigid. Just one second 
after reaching the initial position, the ring motors and fixers were commanded off and the 
system was powered off. Astronauts were now able to physically check the interior of the 
airlock and the docking system components as part of the routine pre-docking process 
prior to final approach. 


Docking 


Final approach started when the Shuttle was some 8 nautical miles (14.4 km) from the 
station. The Terminal Phase Initial (TI) burn placed the vehicle on a path to intercept the 
target during the next orbit. With the final approach underway, the docking system was 
powered on again. The inner airlock was now closed, activation of the airlock fan was 
verified, and the docking lights and cameras were turned on. The rendezvous was now 
reaching its climax. 

At initial contact, a light on the A8 control panel lit and the ring alignment light simul- 
taneously went dark. This prompted the crew to deactivate the Post-Contact Thrusting 
(PCT) sequence with the spare Digital Auto Pilot (DAP). This occurred within 2 sec of the 
initial contact, but prior to active capture. The objective was to provide sufficient, 
controlled force to achieve capture while eliminating excessive dynamic loads. 

Capture was indicated by a light on the control panel, then the initial contact light was 
extinguished. The automatic docking sequence now started with the crew using a timer to 
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STS-84 MS J-F. Clervoy uses a laser ranging device to monitor the closing rate during the 
approach to Mir, visible through the overhead window. 


track the automatic sequence through its routine. In the event of an anomaly, they could 
refer to a manual cue card and complete the steps manually. After allowing up to 8 min for 
relative motions to dampen out, the automatic system would drive the docking ring to its 
fully extended position. If a satisfactory alignment wasn't achieved in 10 sec, the sequence 
would terminate. At that point the manual mode would have to command the ring in or out, 
to open or close the hooks, or to close the capture latches and disengage. If the procedure 
required manual input during the automatic sequence, an astronaut could interrupt mid-stream 
and use the cue-card for the appropriate step. 
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Intense activity on the STS-84 aft flight deck of Atlantis during the final rendezvous maneu- 
vers with Mir. Commander Charles Precourt (wearing cap) gently inches Atlantis towards the 
station. Behind him, MS Carlos Noriega monitors activities. 


What if a Docking had Failed? 


In the event of a docking failure with Mir or the ISS, which luckily never happened, then 
after the "bounce off" the Shuttle would have had to retract its mechanism and make a 
second attempt. Recycling the process would likely assist in determining the cause of the 
failure. From a purely mechanical perspective there would have been no requirement to 
delay re-run if the apparatus was undamaged. A problem with a signal would have been 
more complicated. The crew would also have had to ensure that the Orbiter was stabilized 
in order not to stress the mechanism, because that would have made the situation worse. 
Once stabilized, they would probably have made a second attempt immediately. However, 
if the motion had become too severe then the Orbiter would have been backed away. 

With the Russian avionics something of an unknown factor at the time of the first 
Shuttle dockings, in-flight maintenance (IFM) procedures were available that could bypass 
the avionics and drive any individual motor in the docking system. This was achieved 
using American feed-thorough connections located in the external airlock. These had been 
installed for a back-up procedure to open the hooks in the event of power or avionics 
issues during undocking, but such actions were never needed on missions. 


Operational Experiences 


By 1987, studies that evaluated the docking of a Shuttle with Space Station Freedom had 
indicated that the K,-band antenna systems would not be adequate for proximity operations. 
The overstressed budget ruled out the development of another system for Freedom opera- 
tions, so alternatives were devised. The Hand-Held Laser (HHL) was first tested in 1992 by 
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STS-49. In 1994 the Trajectory Control Sensor (TCS) was first tested by STS-64. Stood in 
the payload bay, the TCS provided relative trajectory data on a target in close proximity to 
the Orbiter. It could supply range and range-rate for a target that had a reflective surface, plus 
bearing, bearing rate, attitude, and attitude rates for targets bearing special retro-reflectors. 
It was therefore clear that, in principle, such instruments would be able to supplement the 
radar and provide the necessary range and range-rate measurements for the Mir and ISS 
docking operations. The raw data was to be processed by a laptop computer running the 
Rendezvous and Proximity Operations Program (RPOP) that provided a relative motion 
display and cues for piloting in close proximity. The laptop was essential, because at the time 
none of this functionality was available using the standard Shuttle avionics system. 

The rendezvous radar was useful for small targets, but when used on larger targets 
such as a station it demonstrated a tendency to wander, which degraded the quality of the 
data. In approaching the ISS the rendezvous radar wasn’t used at ranges less than 1,000 ft 
(304.8 m). Instead, the K,-band antenna was switched for video transmission via TDRS 
relays, to allow Mission Control to monitor progress. The HHL and TCS continued to 
perform better in prox ops. Both worked reliably throughout the era of Shuttles docking 
with stations. As John L. Goodman of the United Space Alliance observed, they were 
“essential to the safe and successful approaches to Mir and the ISS."!? 

Another factor was that in the event of a radar failure during a rendezvous with a sta- 
tion, the size of the target and the brightness of reflected sunlight could confuse or even 
prevent the use of daytime star tracker measurements during post-TI navigation. During 
the STS-64 rendezvous with the SPARTAN free-flyer, nighttime star tracker data was cap- 
tured between the first and third mid-course burns. This data, along with that from STS-63 
(‘Near-Mir’) and the STS-71 and STS-74 docking missions to Mir, identified eighteen 
lights of varying flash intensity and character situated across that station which could provide 
adequate targets for the Shuttle star tracker. The post-TI contingency nighttime tracking 
procedures were first employed by STS-79 in 1996. 


On his third visit to Mir, STS-91 Commander Charles Precourt is in the command seat of 
Discovery reviewing rendezvous documentation prior to the final docking with the station. 
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Behind Charles Precourt are MS Wendy Lawrence (left) and Janet Kavandi (right with camera) 
monitoring the final approach from the windows on the aft flight deck. 


Plume Protection 


Approach and docking sequences required the use of thrusters for attitude control, 
maneuvering, and orbital adjustments, therefore the planning for a rendezvous and 
docking mission required careful analysis of plume imprints, debris mitigation and 
flight control techniques many months in advance of launch. In the build-up to the 
Shuttle-Mir missions, plume impingement was a major debating point between the 
Americans and Russians. 

A significant amount of the work that was involved in preparing the Shuttle for dock- 
ing with a station drew on the experience of previous servicing missions to the Hubble 
Space Telescope (and would be fed back to HST missions after Shuttle-ISS operations 
began). An important aspect of this effort was the Low Z mode used to protect the 
surfaces and solar panels of the HST from the forward-firing RCS jets. A stable orbit 
rendezvous profile was devised for missions which would rendezvous with a station, 
mainly for inertial and +V Bar approaches in which the translation to -R Bar would be 
made only upon arriving at the +V Bar point. The trade-off was the increased use of 
propellant and consequent greater potential for plume contamination on both Mir and 
the ISS. To protect the surfaces of the stations, particularly the solar arrays, NASA had 
to re-assess the plume risks. 

In 1993, studies were made for both Mir and ISS rendezvous approaches in the +R Bar 
mode. The orbital mechanics could be exploited to provide the reduction in orbital veloc- 
ity, rather than using the RCS jet firings. Not only would the plume impingement be 
reduced, it would also consume less propellant. Even better, this method also meant there 
would be no need to change on board targeting computations for the stable orbit profile. 
Such innovations, and the introduction of various laser units such as the HHL and TCS, 
offered increased redundancy and flexibility in the planning of Mir and ISS missions. 
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One of the Russian concerns during planning for the close approach by the STS-63 (*Near- 
Mir’) rendezvous mission was the possibility of plume contamination from the RCS engines 
of the Orbiter. In this image the crew of the Shuttle take a close up image of one of the forward 
docking ports on Mir, clearly showing the ‘X’ docking target in the center of the orange hatch 
covering. Other docking targets can be seen top left and top right of frame. The capture 
latches can also be seen around the circumference of the docking port. 


After an extensive program of analysis, development, testing and review the new approach 
method was approved in April 1994, a little over a year before the first scheduled Mir 
docking flight. The +R Bar approach was first flown operationally on STS-66 in November 
1994 and was successfully used by Shuttle-Mir missions. This demonstrated that the plan 
conceived for Space Station Freedom was valid. 

As the program progressed, the techniques were often re-analyzed and updated. Some 
of this work focused on refining the rendezvous prior to the prox ops phase, further reduc- 
ing the consumption of propellant and permitting the Orbiter to carry additional payload 
instead of fuel. The new Optimized R-Bar Targeted Rendezvous (ORBT) mode was first 
employed by the STS-86 mission to Mir in 1997. It was an improvement over the stable 
orbit method and introduced several new elements, one being a low energy coast to the 
+R Bar. The TI and the first three mid-course burns were now designed to reach a point 
2,000 ft (609.6 m) from the target, rather than to intercept it, thereby contributing to the 
reduction in propellant consumption. 
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EXPERIENCES RECALLED 


The technical documentation of a space program gives a particular insight into a topic, and 
it is always advisable to talk to people who were involved in the activity. As with most 
aspects of space flight, the development of a new procedure is usually trialed on an early 
mission, with the crew evaluating the usefulness and compatibility prior to it becoming 
operational on subsequent missions. During Shuttle flights these “trial runs” were listed as 
Detailed Test Objectives (DTO) and Detailed Supplementary Objectives (DSO) in which 
hardware, systems, procedures, and some experiments were secondary payloads or tasks. 
The crew would then evaluate the equipment or activity and provide feedback to the 
designers, experiments, controllers or crew trainers about its suitability (or in some cases 
its lack of suitability) to proceed with further development. 

The development of rendezvous and docking hardware, systems and procedures for 
the Shuttle was one of the more involved areas of this research from very early in the 
program. 

During the STS-66 ATLAS-3 mission in November 1994 one of the objectives was to 
evaluate the R-Bar approach to the free-flying CRISTA-SPAS. This insight would be 
used on the forthcoming Shuttle-Mir dockings. Joe Tanner points out that although this 
was a new method, for him it was just one of many experiences on this, his first space 
flight, “I was directly involved with the rendezvous as MS2 on STS-66, the first R-Bar 
approach in the program, but I don’t recall being overly occupied by the thought that we 
were doing it to prepare for [the] station. I also didn’t have any experience to compare it 
to. I was simply trying to hang on tight enough to be sure that I learned everything that I 
needed to learn !”!? 

ESA astronaut Jean-Francois Clervoy was on the STS-66 mission with Tanner, and 
three years later flew on STS-84 to Mir. As he says of that time, "In training the crew are 
managing the rendezvous tools, such as using the K,-band antenna as a radar, the RPOP 
on the laptop which is connected to the data system on the Shuttle. This laptop isn't criti- 
cal but it takes data from the Shuttle's nominal computers and because it has more pro- 
cessing capability and flexibility for running software than the main general computer of 
the Shuttle we could use this data to display a graph that shows you where you are relative 
to your target. You can activate predictors and you can simulate what will be the effect of 
the incoming trajectory in relationship to the target. RPOP is very useful for developing 
the situation awareness of the crew by showing where you are in relation to the actual 
target. Basically you're checking on the map, with one axis being X and the other is 
Z. You can also have a Y axis if you want. But basically it has all the tools to inform the 
Commander where he is and what to expect for the next action of the hand controllers 
during the prox ops. So I was checking off each item on the checklist. The Commander 
typically is on the aft flight deck for the final stage of the rendezvous and the flight engi- 
neer is just managing all the rendezvous tools that provide distance, target elevation, and 
rate. We trained a lot for off-nominal situations [like if we were to lose the] orbital tools. 
We even did a rendezvous with only camera visual on the target and a timer and for the 
final phase." 

“I was familiar with these procedures because STS-66 was the very first use of the 
R-Bar technique. It is rendezvous from underneath, so we climb along a vertical axis 
from below the target. STS-66 proved it to be a very good technique. So that is what we 
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used on all the other rendezvous missions. We stopped at 33 ft [10 m] to assess the 
possible biases between Mir and the Shuttle, and I think we entered one small bias on 
one axis for orientation. On board Mir the Commander told me to fly along the vertical 
axis of the Earth. That is what we call LVLH [Local Vertical Local Horizontal] like an 
airplane in steady flight. We can tell the Shuttle to do the same. If we get very close to 
the station and our respective references to the Earth are the same, we should have the 
same orientation. But if the Earth reference used by Mir is slightly different to that for 
the Shuttle, when we get very close we can measure visually, how much we are off on 
roll etc. We had one offset and we put that into the computer, its purpose is to bias the 
Earth reference the [Orbiter’s] computers are using, to make it use precisely the same 
reference as the station. When we got in very close, we could see that we were totally 
aligned in terms of orientation. Manual flying is only for translation [motions], so on the 
aft flight deck the Commander uses only the THC [Translation Hand Controller] and 
when we are aligned in terms of position — the center of the docking ring of the Shuttle 
to the center of the docking ring of Mir — we ought to see that we are totally aligned in 
terms of rotation." 

Clervoy recalled rendezvous as being, “Very, very nice. It is a very nice activity 
because there's nothing at all comparable on Earth. Rendezvous is something that is 
totally non-intuitive. You must accelerate now, with the intention of slowing down later. 
You give a push forward now if you want to slow down 45 minutes from now. That is 
non-intuitive. When you are in a low orbit, you must accelerate to climb to a higher 
orbit and because you climb your velocity slows, but eventually your altitude will 
increase." 


The extended docking system of STS-76 inches nearer that of the Docking Module on Mir, moments 
away from the soft docking. 
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A fish eye view of the docked STS-74 and newly installed Docking Module. Towering above 
is the expanse of Mir, its modules, and docked Soyuz and Progress spacecraft, stunningly 
back dropped by the Earth. 


Once the final stages of rendezvous were accomplished, the Shuttle closed in on the 
station and an impressive sight awaited the crew out of the windows. For Clervoy, Mir 
reminded him of “a butterfly, a dragonfly.” As he says of the approach, “To begin with the 
star tracker treated Mir like a star. When we get a bit closer, we start to perceive a metallic 
blue bright shining light from the Sun, When we get in very close, it appears enormous 
although it is not much bigger than the Shuttle. On my final Shuttle flight [STS-103] in 
1999, when we went to the Hubble, [Mission Commander] Curt Brown was making his 
sixth flight with lots of experience of rendezvous. He was looking at Hubble and said, 
“Wow this is big.” I was smiling because for me it was far smaller than Mir on my second 
mission.” 


Comparing the Target 


With the Shuttle firmly attached to the station, it was time to open the hatches and join the 
resident crew. Visiting either Mir or the ISS made a lasting impression on Shuttle crews, 
especially as the ISS grew in size over the years. For Shuttle crews visiting Mir the addi- 
tion of Spektr in June 1995, the installation of the Docking Module by STS-74 in November 
1995, and the arrival of Priroda in April 1996 were the only evidence of the complex’s 
expansion. However, for those few who were fortunate to visit both Mir and the ISS, the 
comparison was both dramatic and memorable. Indeed, observing any space station up 
close is a very memorable event. 
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L aA -—-— 


The docking target used on STS-79 has been removed from the Mir hatch and stowed tempo- 
rarily on the mid-deck of Atlantis. 


Of course, today's ISS is much larger than Mir. As Janet Kavandi, who visited the Russian 
station on STS-91 in 1998 and the ISS on STS-104 three years later, says, “I wasn't as 
involved in the rendezvous by STS-91 so I don't have any special memories of that. I was on 
the flight deck overseeing the approach, which is pretty cool. I think I remember on STS-104 
that the station was bigger, a bit brighter, more clearly visible from a longer distance. Maybe 
it was just the lighting from the Sun on the solar rays, but it started out like a very bright star. 
It looked like Venus, almost. Then as you get closer it gets a shape to it. You can actually see 
the components of the solar rays. And as you approach it just gets huge. You get to see how 
big the place is that's floating up there, orbiting the planet. You're just in awe that we actually 
built this. And, of course, it is much larger now. It is quite an impressive sight. One of those 
moments that you really, really wish you could show it to people... Amazing." 
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Shuttle-Mir 1994-1998 


One of the most moving moments...as we drew further away...were 
[Mir’s running] lights flashing, fading slowly. That 

was...an emotional moment, because I knew that 

it would be the last time I would see it. Ever. 


Andrew Thomas, STS-91, June 8, 1998 


Having developed the ground and flight equipment required to send a Shuttle to a space 
station, it was time to undertake an operational program, Shuttle-Mir. What follows is a 
brief overview of each Shuttle mission in this series, in order of their launches.” 

In the early 1970s, the Skylab station had hosted three Apollo crews on residencies lasting 
28, 59 and 84 days. This was also the total sum of NASA’s experience of space stations, 
whether launched by America or otherwise. At no time in the next two decades did any US 
astronauts spend more than a week or two in space on a single mission. In 1995 this situation 
was about to change, because Americans were finally about to start living aboard a station in 
space. Ideally, had things worked out better, this would have been an American facility, but 
fate had decreed that it be one assembled by the former Soviet Union, since operated by 
Russia. The name ‘Mir’ can be variously translated as Peace or Community. In 1993 Russia 
had joined the International Space Station effort, and while hardware for that was being 
developed, the existence of Mir allowed NASA to obtain some much needed on-orbit time 
under what was called Phase-I of the joint ISS program. 

As the objectives of the Phase-I Shuttle-Mir program were developed, agreements were 
signed to fly Russian cosmonauts on the Shuttle, to include NASA astronauts on long-duration 
missions aboard Mir, and to permit the Shuttle to rendezvous and dock with the station. 
This would not only provide NASA with more up-to-date experience of residing in a space 
station, but also experience of physically linking a Shuttle to a large object in space. 


“Further details on each of the Shuttle missions to Mir can be found in Praxis Manned Spaceflight 
Log 1961-2006, Tim Furniss and David J. Shayler with Michael D. Shayler, Springer-Praxis, 2007, 
and indeed in several other works listed in the Bibliography. 


© Springer International Publishing AG 2017 136 
D.J. Shayler, Linking the Space Shuttle and Space Stations, 
Springer Praxis Books, DOI 10.1007/978-3-3 19-49769-3_7 
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A COSMONAUT ON SHUTTLE, AN ASTRONAUT ON MIR 


An agreement signed in June 1992 by NASA and the Russians called for at least one 
cosmonaut to fly on a Shuttle mission prior to an American astronaut launching on a 
Russian rocket to live as a resident on Mir. The flights of cosmonaut Sergei Krikalev 
aboard STS-60 in February 1994 and then Vladimir Titov on STS-63 one year later served 
to fulfill the first part of that agreement. 

The first docking of a Shuttle to a space station was undertaken by STS-71 in July 1995, 
almost exactly twenty years after the Apollo-Soyuz Test Project. The crew of STS-71 were 
also the first Americans to physically dock their ship with any target in space since that his- 
toric joint mission. This visit to Mir featured the return to Earth of US astronaut Norman 
Thagard and his two Russian colleagues at the end of their four month residency as the Mir-18 
crew. When Thagard launched into space on the Soyuz TM-21 spacecraft with Commander 
Vladimir Dezhurov and Flight Engineer Gennady Strekalov, he became the first American 
astronaut not to be launched from the United States and the first to ride in a foreign spacecraft. 
STS-71 also delivered Commander Anatoly Solovyov and Flight Engineer Nikolai Budarin to 
become the Mir-19 crew. A Shuttle would not accomplish a full exchange of resident crews 
again until the second crew was delivered to the ISS six years later. 

Phase-I originally envisaged seven dockings with Mir, with provision for a further 
three. In fact, only nine Shuttles docked at the Russian station. The last mission came 
home in June 1998, just short of the third anniversary of the first docking and only six 
months prior to the start of Shuttle flights for ISS assembly. Seven NASA astronauts 
served with Russian colleagues as members of a succession of resident crews on Mir, 
exchanging places during the visits by STS-76, -79, -81, -84, -86, -89 and -91. 

The Shuttle-Mir flights also involved delivery of logistics, including experiment hard- 
ware and miscellaneous cargo, and brought back experiment data, samples, and unwanted 
materials to alleviate trash and storage problems on board the station. The Russian-built 
Docking Module added to Mir by STS-74 was the only major piece of hardware to be 
delivered externally by the Shuttle-Mir program. STS-74 was also the only docking mission 
not to include the exchange of an American astronaut as a Mir crewmember. Of the nine 
docking missions, seven were flown by Atlantis (OV-104) and Discovery (OV-103) and 
Endeavour (OV-105) each undertook one docking. In addition, Discovery flew STS-60 
and -63, two solo precursor missions. 

The European Spacelab long module flew only on STS-71. It was not carried by 
STS-74 because its main cargo had the 9,007.5 Ib (4,085 kg) Docking Module. The 
American-built Spacehab module was in the payload bay for the other seven Shuttle-Mir 
missions: the Single Module (SM) by STS-76 and -91, and the Double Module (DM) by 
STS-79, -81, -84, -86 and -89. 

Each crew of a Shuttle-Mir docking mission included a pair of astronauts who were 
trained to conduct a contingency, unplanned, or emergency EVA. However, only two 
missions (STS-76 and -86) made planned spacewalks. STS-86 featured the first EVA by a 
Russian cosmonaut (Vladimir Titov) using American equipment. As both planned EVAs 
were officially classed as American rather than Russian spacewalks, in neither case did the 
participants venture across the DM threshold between the Orbiter and Mir and thereby 
onto Russian ‘territory.’ 
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THE SHUTTLE-MIR JOINT US-RUSSIAN MISSIONS 


Officially there were ten Shuttle missions associated with Shuttle-Mir; the precursor 
rendezvous mission and nine docking flights. But there was also an eleventh mission, 
STS-60, which followed up an agreement signed in June 1992 that called for flying a 
Russian cosmonaut on the Shuttle and an American astronaut aboard Mir. 


In 1994 cosmonaut Sergei Krikalev became the first Russian crewmember on a Shuttle 
mission (STS-60). 


STS-60, Discovery (February 3—11, 1994): Veteran cosmonauts Sergei Krikalev and 
Vladimir Titov received abbreviated NASA Mission Specialist training to qualify to fly on 
two separate Shuttle missions. Krikalev flew as MS4 on STS-60 with Titov serving as his 
back-up. This flight was the second Spacehab mission and featured the first trial of the 
Wake Shield Facility, designed to be deployed to undertake its experiments and then be 
retrieved for return to Earth. The objective was to create a vacuum wake in low Earth orbit 
in which to ‘grow’ defect-free thin film layers of semiconductor materials. STS-60 fea- 
tured a diverse program of experiments and investigations to be undertaken by the crew, 
including Krikalev. He demonstrated that an experienced cosmonaut, with little formal 
training on the American program, could be integrated into a Shuttle crew. (Actually 
Krikalev had more experience in space than all of his crewmates combined!) It remained 
to be seen whether an American attempting a long-duration flight on Mir would be able to 
adapt as well as the cosmonauts. 

1995: A milestone year for international collaboration in space, Shuttle and Mir opera- 
tions and in the development of the International Space Station. Twenty years since Apollo 
docked with Soyuz, the first Shuttles rendezvoused and docked with the space complex Mir. 
For the first time since Skylab, an American astronaut would live aboard a space station. 
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STS-63, Discovery (February 3—11, 1995): Twelve months after Sergei Krikalev’s STS- 
60 mission, Vladimir Titov was MS4 for STS-63, the ‘Near-Mir’ rendezvous that was to 
demonstrate prox ops in the vicinity of the Russian station. 

In his NASA Oral History, Jim Wetherbee recalled the debates regarding how close 
STS-63 should approach Mir.' Originally this was settled at 1,000 ft (304.8 m) but the 
NASA flight directors convinced the Russian to reduce it first to 400 ft (121.92 m) and 
then to 100 ft (30.48 m). The Shuttle crew would evaluate procedures and apparatus in 
preparation for a future docking. In training, they found that it would be advantageous to 
close to 30 ft (9.14 m) and visually correct the alignments that would be required for a 
docking. This was considerably closer than the Russian were happy with at that time, but 
when the benefits of evaluating the profile on STS-63 prior to STS-71 attempting a docking 
were explained the Russians agreed to permit STS-63 to approach to 33 ft (10 m). In the 
event, once Discovery was on-orbit three of its RCS jets started to leak and the Russians 
raised concern that this could contaminate the surface of Mir. But after a discussion 
between the two space agencies, and after the Shuttle crew had minimized the leaks, it was 
agreed that it would be safe for the Shuttle to approach almost to the planned distance. 

In addition to a variety of experiments, this flight included an EVA Development Flight 
Test (EDFT), one of a series of spacewalks that were added to several Shuttle missions to 
evaluate tools and procedures to assist with planning the very intensive spacewalks that 
would be needed to service the Hubble Space Telescope (HST) and, later, to assemble the 
ISS. With two cooperative Shuttle missions completed, it was time to move to the next 
phase, and dock a Shuttle with a space station. 


STS-71, Atlantis: Ist Shuttle-Mir docking mission (June 27— July 7, 1995): NASA astro- 
naut Norman Thagard, a veteran of four Shuttle flights, had been launched aboard Soyuz 
TM-21 with two Russian Mir-18 colleagues on March 14, 1995 for a four month residency 
on Mir. In addition to being the first American to launch on a Russian rocket, Thagard also 
became the first NASA astronaut to occupy a space station since the final Skylab crew 
departed that station in February 1974. STS-71 delivered the two Russian Mir-19 crew- 
members. The retiring station crew were subjected to a detailed program of biomedical 
and scientific studies in a variety of fields, using equipment in the Spacelab module carried 
in the payload bay. This was the first data gathered in over twenty years on a US astronaut 
after an extended stay in space. By the time that he landed, Thagard had been in space for 
116 days and held the endurance record for an American flight. 


STS-74, Atlantis: 2nd Shuttle-Mir docking mission (November 12—20, 1995): Four months 
later, Atlantis was back at Mir's docking port, this time to attach the Russian 316GK 
Docking Module to Kristall on Mir. This would provide future Shuttle flights with better 
clearance of the station's various appendages. Contrary to initial planning for a resident 
crew exchange, this was the only Shuttle-Mir docking where no NASA astronauts were 
delivered, swapped or retrieved. The inclusion of Canadian astronaut Chris A. Hadfield 
gave an international dimension to this mission. This started a trend in which crewmem- 
bers of other partner agencies flew on Shuttle missions to both Mir and the ISS. So suc- 
cessful were these first two docking flights that NASA and Russia agreed to add two more 
missions to the program, aiming for up to nine Mir dockings, permitting another two long- 
duration residencies to be flown by American astronauts and giving that agency vital addi- 
tional experience of extended orbital operations prior to the ISS. 
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On June 29, 1995, STS-71 Commander Hoot Gibson and Mir-18 Commander Vladimir 
Dezhurov shook hands as the hatches between Atlantis and Mir were opened for the first time. 
This event took place two-and-a-half weeks prior to the 20th anniversary of a similar greeting 
in space between Tom Stafford and Alexei Leonov during the ASTP program. 


1996: Original plans proposed continuous occupancy by a succession of NASA astronauts 
aboard Mir between Thagard's departure on STS-71 and the arrival of Shannon W. Lucid 
on STS-76. One option was to have Bonnie J. Dunbar succeed Thagard and return on 
STS-74, being replaced by an (unidentified) astronaut who would return on STS-76. But 
none of this transpired, and there was a gap of nine months between Thagard's departure 
and Lucid's arrival. Another factor was the delays imposed by serious technical problems 
with the Shuttle's hardware and the temperamental weather in Florida. This combination 
forced Lucid's mission to be extended. Despite this, her mission was successful and would 
culminate in the first American crew exchange on-orbit. 


STS-76, Atlantis: 3rd Shuttle-Mir docking mission (March 22—31, 1996): During prepara- 
tions for the third Mir docking mission, some issues with the integrity of the SRBs arose. 
A study of the gas paths in the joints between the segments of the SRBs and their effects 
upon the adhesive and the O-rings, confirmed that they were within tolerance. Only then 
was STS-76 declared safe to launch. Shannon Lucid became the first American female 
resident of a space station when she transferred to the Mir crew just two hours after the 
hatches were opened. This visit saw Linda M. Godwin and M. Richard (‘Rich’) U. Clifford 
undertake the first American spacewalk at a station since Skylab. This occurred on March 
27, and lasted 6 hr 2 min. It was also the first NASA spacewalk to require working around 
the docking interfaces of two different spacecraft since Apollo 9 in March 1969 (which 
was the first spacewalk of that program). One of the numerous milestones achieved during 
Shuttle-Mir was that Lucid became the first NASA astronaut to be left in space when the 
vehicle on which she was launched later returned to Earth. 
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The official Shuttle-Mir program emblem as revealed in 1994. The rising Sun signifies the 
dawn of a new era of human space flight, with Phase-I. The docked spacecraft acknowledge 
a new union between the two countries. Mir is depicted in its projected final form because 
some planned modules had yet to be launched. The Shuttle is shown in a generic tunnel/ 
Spacehab configuration. The Earth is devoid of any recognizable features or political borders, 
emphasizing that it is a planet for all humanity. The solo stars near the Shuttle and Mir repre- 
sent past accomplishments in both space programs, while the binary star represents the previ- 
ous joint program of ASTP. The flags of both counties are represented in the flowing ribbons, 
interwoven in a joint program of space exploration. 


STS-79, Atlantis: 4th Shuttle-Mir docking mission (September 16—26, 1996): After sev- 
eral launch delays, Atlantis docked with Mir on September 18. Shortly afterward, John 
E. Blaha became a member of the resident crew. This was the first of a series of routine 
exchanges of American crewmembers on Mir over the next 21 months. Lucid returned to 
Earth aboard Atlantis, having set an American record of 189 days in space. 

1997: A year of great success and near disaster. The residency of the first American 
astronaut to be on-orbit over the turn of a year since 1973-1974 was followed by three 
further residencies. Two of these brought challenges that highlighted the dangers ever-present 
in space, while contributing to the overall success of the Shuttle-Mir program. The year 
also saw the first elements of US hardware for the ISS arrive at the Cape, in preparation 
for the demanding and challenging missions to come. 
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The STS-74 crew peer though the overhead windows of Atlantis for the resident Mir crew to 
snap this unusual in-flight crew portrait. Just as the Shuttle crew could take close images of 
the state of the exterior of the station, the Mir crew could take clear images of the Orbiter and 
its delicate thermal protection system. 


STS-81, Atlantis: 5th Shuttle-Mir docking mission (January 12-22, 1997): After a routine 
logistics mission, Atlantis returned John Blaha to Earth at the end of his 129 days in space. 
His successor on Mir, Jerry M. Linenger, experienced a fire aboard the station on February 23; 
the most dangerous episode encountered by an American in space for some years. It would 
soon be surpassed. 
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The main spacecraft components during the Shuttle-Mir program. 


STS-84, Atlantis: 6th Shuttle-Mir docking mission (May 15-24, 1997): This Shuttle crew 
included female cosmonaut Yelena V. Kondakova, the wife of veteran cosmonaut and 
leading official at Energiya, Valeri V. Ryumin. This crew tested several devices in readi- 
ness for assembling the ISS. Jerry Linenger returned home after 133 days in space. He was 
replaced on the resident crew by C. Michael (‘Mike’) Foale, who hoped that his time 
aboard would be less eventful than that of his predecessor but as events transpired this was 
not the case. On June 24, while cosmonaut Vasily V. Tsibliyev was attempting the auto- 
mated redocking of the unmanned freighter Progress M-34, it failed to respond to his 
commands and collided with Spektr, puncturing the pressure hull of that module and dam- 
aging some of its solar arrays. By quick thinking and contingency training, the crew were 
not only able to survive but also to save Mir for further use. The fire and the collision were 
the latest in a series of problems that afflicted the aging station, the first element of which 
had been in space since 1986. These incidents highlighted the risks associated with working 
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on a station that was nearing the end of its useful operational life. The Americans began to 
push for Mir to be shut down in order to switch attention to construction of the ISS, but 
this would not occur for several years.” 


Each Shuttle crew visiting Mir participated in ceremonial activities to mark historic milestones. 
Here the STS-79 and Mir-22 cosmonauts pose for the camera in the space stations core mod- 
ule: [l-r] John Blaha (incoming NASA-3 crewmember), Jay Apt, Carl Walz, Terry Wilcutt 
(STS-79 CDR above), Tom Akers (below light shirt), Shannon Lucid (outgoing NASA-2 
crewmember), Bill Readdy, Alexandr Kaleri (Mir-22 FE above) and Valeri Korzun (Mir-22 
CDR below). Note the Mir tool kit to the right of the cosmonauts. 


STS-86, Atlantis: 7th Shuttle-Mir docking mission (September 25—October 6, 1997): 
During the docked phase, Scott E. Parazynski carried out the second NASA spacewalk at 
Mir (October 1, 5 hr 1 min). He was accompanied by Vladimir Titov who, having flown 
on the STS-63, was the first cosmonaut to fly two Shuttle missions. Also aboard Atlantis 
were French astronaut Jean-Loup J. M. Chrétien, a Salyut 7 and Mir veteran on his third 
space flight, and David (‘Dave’) A. Wolf who was to replace Foale on Mir. Foale would 
return on Atlantis after completing a 145 day mission. Wolf was not the original crew- 
member chosen for this residency; it was to have been Parazynski but he was excluded for 
being too tall to fit into the Soyuz contour-seat, this being a Russian requirement to accom- 
modate an emergency return to Earth. The next candidate in line was Wendy B. Lawrence, 
but she was too small to qualify for the Russian Orlan EVA suit, a requirement introduced 
after the collision of Progress M-34 to allow American astronauts to participate in Russian 
EVAs to assist in possible station repairs. So Wolf, compatible with the Soyuz seat and 
trained for the Orlan suit, became the sixth NASA astronaut to join a Mir crew. By way of 
compensation for losing their long flights ‘too tall’ Parazynski and ‘too short’ Lawrence 
both flew on STS-86 with ‘just right’ Wolf. 
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1998: A year of change that saw the end of Shuttle-Mir activities and the start of the 
much-delayed assembly of the ISS. 


STS-89, Endeavour: 8th Shuttle-Mir docking mission (January 22-31, 1998): The main 
task of this penultimate Shuttle visit to Mir was to allow Andrew S. W. (‘Andy’) Thomas 
to replace Dave Wolf on the station crew. Wolf would complete a mission of 128 days. 
Endeavour’s crew also included Russian cosmonaut Salizhan Sharipov and Bonnie 
Dunbar. The latter had flown on STS-71, which performed the first docking at Mir. Having 
been a flight controller during the de-orbiting of Skylab in 1979 prior to being selected as 
an astronaut in 1980, Dunbar paid tribute to the achievements of the only American space 
station in marking its 25th anniversary year. 


"7: m 


In addition to crew and logistic transfers Shuttle-Mir docking missions provided the opportu- 
nity to obtain close up images of the station from the aft fight deck windows of the Shuttle. 
Here STS-89 MS Michael Anderson takes photos from Endeavour. 
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Left: A close up of the forward node of Mir with the four large modules attached, along with 
a docked visiting spacecraft. Right: A close view of the damage to Spektr and its solar arrays. 


STS-91, Discovery: 9th Shuttle-Mir docking mission (June 2—12, 1998): The final Shuttle- 
Mir flight was commanded by Charles J. Precourt, on his record third visit to the station. 
Fittingly, it was flown by Discovery, which had started the series of US-Russian coopera- 
tive ventures four years earlier with STS-60. In addition to returning Andy Thomas to 
Earth after 141 days in space the spotlight was on Valeri Ryumin, a veteran of two long 
flights to Salyut 6 and now flying aboard the Shuttle as a leading Energiya official to evalu- 
ate the Mir’s condition. To the annoyance of NASA, which was hoping that the station 
would soon be decommissioned, Ryumin declared that it was still viable. And indeed, it 
continued to host crews for several more years (apart from a hiatus in 1999) before finally 
being de-orbited in 2001. 


Shuttle-Mir Summary 


The series of Shuttle missions to Mir were a remarkable success and provided NASA with 
experience and data prior to commencing the assembly of the ISS. For the first time since 
Skylab and Apollo-Soyuz two decades earlier, the ‘Near-Mir’ rendezvous and the nine 
dockings with the Russian space station provided essential experience of rendezvous, 
proximity operations and, most significantly, docking an Orbiter with a large mass on- 
orbit. The seven long-duration missions by US astronauts were also of considerable value, 
with the total time of 907 days in space including 812 continuous days in space and over 
802 days on board Mir between the arrival of Lucid in March 1996 and the departure of 
Thomas in June 1998. 
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In addition to working with its Space Shuttle and intended Space Station Freedom partners 
Canada, ESA, and Japan — now ISS partners — NASA regained a very useful insight into 
working with the Russians. They were very different to the Soviet Union during Apollo- 
Soyuz. Both sides got useful information from joint mission planning and execution, from 
ground control operations, from preparing the hardware and the development of experi- 
ments, and of course, from actually flying the missions. There still remained much more 
to accomplish, but the stage was now set to advance from Phase-I to Phase-II and the first 
missions of the International Space Station program. 


The Mir-19 crew Commander Anatoly Solovyov bids farewell to the STS-71 crew as the 
hatches are closed to conclude the first Shuttle-Mir docking mission in July 1995. Behind 
Solovyov is Mir-19 FE Nikolai Budarin. Note the re-installed docking target in the center of 
the hatch cover. 


LESSONS FROM SHUTTLE-MIR 


By the time that the Shuttle-Mir program concluded with STS-91 in 1998, NASA had 
gathered significant experience and information about learning to rendezvous and dock 
with a mass the size of Mir, which was over a hundred tons. There was little experience 
gained of operating robotic systems in conjunction with a station, but the agency was for- 
tunate in having a wealth of experience in using robotics in the payload bay across many 
years to perform a variety of tasks; that experience would be applied in coming years in 
the huge program of assembling and servicing the ISS. 

Despite these limitations, a significant amount of useful information was gained by 
flying Shuttles to Mir. In August 1998, just three months prior to the launch of the first 
element of the ISS by Russia — the FGB (Funktsionalno-Gruzovoy Blok or Functional 
Cargo Block), named Zarya, which was launched by a Proton rocket - NASA began to 
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report the benefits of Shuttle-Mir? Within the summaries of the seven long-duration mis- 
sions aboard the Russian station were key facts from the Shuttle docking missions. Key 
hands-on experience from Shuttle-Mir, NASA stated, was an important stepping stone in 
securing extended operations on-orbit, in much the same manner as Mercury and Gemini 
had paved the way for Apollo. “For less than two percent of the total cost of the Space 
Station program,” the agency had acquired, “knowledge and experiences through Shuttle- 
Mir that could not have been achieved in any other way." 
These gains included: 


e Valuable experience in international crew training. 

e Operating an international space program. 

e Addressing the challenges of long-duration space flight for both astronauts and 
ground controllers. 

e Dealing with real-time issues had produced unprecedented cooperation and trust 
between the US and Russia. 


There were, of course, also significant gains from reviewing the experiences from 
Skylab, two decades earlier, and the variety of national and international experiments that 
had been flown on short-duration Shuttle missions, many of which were actively being 
developed to undertake follow-on studies under ISS research programs. One of the experi- 
ments already flown on the Shuttle had involved growing tissues in order to replicate natu- 
ral process in humans. Due to the effects of gravity this type of research could not be 
pursued on Earth. Shuttle missions had allowed about 10 days of science operations, but 
successful culturing of cartilage cells in the Bioreactor on Mir held out great hopes for 
future research on the ISS. The ability of the Shuttle to regularly ferry samples to and from 
Mir was an added bonus for this research. The payload capability of the Shuttle and the 
Spacehab module with the Russian station was a great advantage in planning similar 
logistics and resupply flights for the ISS, both during its assembly and thereafter (at that 
time, the presumption was that the Shuttle would support ISS operations for some years 
after that station was complete). 

An important benefit that NASA secured from the Shuttle-Mir missions was much 
needed experience in long-term space station operations. This was spread out across a 
three and a half year period, from the *Near-Mir' rendezvous of STS-63 to the landing of 
STS-91, which returned with Andy Thomas, ending the period in which American astro- 
nauts lived aboard the Russian station. 

However, there was far more to the benefits derived from Shuttle-Mir operations than 
a resumption of rendezvous and docking, the transfer of logistics, long-duration endur- 
ance records, and an emerging American space station science program. NASA recog- 
nized that Shuttle-Mir “validated old concepts and established new ones.” These included 
making specific design refinements and modifications to the ISS. And there was other 
new knowledge derived from the experiences of Shuttle-Mir. Specifically, detailed anal- 
yses of the one rendezvous and nine dockings indicated that there was a shortage of 
lighting on the target station for the star trackers of the Shuttle to be used effectively 
during proximity operations. A European proximity operation sensor was discovered to 
be an excellent new tool for sensing the distance of objects, as well as relative velocities 
and closing rates. 
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On board Mir, the use of wireless communications rather than the cabled systems used 
on the Shuttle suggested these would be beneficial for the ISS and indeed on an Orbiter. 
In addition to eliminating a tangle of wires, wireless communications would save “millions 
of dollars” by reducing the need for additional cables. 

The equipment delivered by Shuttle and used on the Russian station included an evalu- 
ation of new EVA apparatus that was being developed for the ISS. It was also possible to 
refine hardware, tools and procedures intended to be used during the ISS assembly 
missions. 

Shuttle-Mir afforded NASA with a new approach to crew training, primarily in the way 
that long-duration crewmembers were trained, but also in preparing Shuttle crews to inte- 
grate with the residents in order to minimize disruption to the underlying routine and 
harmony of the station. 

Information on how to protect and isolate experiments and hardware during launch and 
landing on the Shuttle helped to devise a rack system that was trialed successfully for Mir 
in preparation for the ISS. This would not only make hardware easier to move from the 
logistics carriers of the Orbiter into the station, but also isolate microgravity experiments 
from the inevitable jostling and vibration aboard an vehicle occupied by humans. These 
experiences would help in planning far more extensive and ambitious experiments for the 
ISS. Associated with the movement and isolation of experiments and protecting their data 
gathering, was the development of procedures for relocating huge amounts of logistics 
between a station and a docked Shuttle (this theme will be explored in depth in the follow- 
ing chapter). Several tons of hardware were transferred from visiting Shuttles to Mir. In 
addition, NASA acquired skills from the experience of relocating sizable amounts of 
exposed samples, unwanted hardware and trash from Mir into the docked Shuttle for 
return to Earth. Care had to be taken to stow items in such a way that they would not work 
loose during re-entry and would not impair the center of gravity of the vehicle while flying 
through the atmosphere. In over thirty-four years of human space flight operations, no 
American astronaut had ever been required to master stowage skills for traveling in either 
direction. The Russians had been sending up small amounts of logistics since January 
1978, when the first Progress freighter docked at the Salyut 6 space station, and they had 
been returning small parcels to Earth with crews in Soyuz spacecraft. But a great deal of 
‘junk’ had accumulated on Mir over the years and the Russians were delighted to offload 
this to Shuttles for return to Barth. 

It was from the vantage point of the flight deck of an Orbiter, with its ten windows, that 
another useful opportunity was taken on each Shuttle visit to Mir. The crews from STS-63 
to STS-91 captured a wealth of still and motion picture data on the state of the exterior of 
the station, the first modules of which had been in space for about a decade. Together with 
the fly-around imagery, this provided an archive of data (augmented by materials science 
experiments) on the deterioration of various surfaces and elements of the aging station. In 
addition, the outer surfaces of the station and its immediate vicinity were examined for 
contamination not only from the efflux of the Shuttle's thrusters but also from the fluids 
and gases that were purged from the station itself. This type of data prompted a change in 
planning how propellant venting would be conducted aboard the ISS. 

The bottom line is that NASA learned a lot more from sending Shuttles to Mir than 
rendezvousing and docking. 
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The Docked Phase 


We didn’t have a lot of extra time during the day to really do anything. 
In the evenings we tried to get together, either in the Shuttle or in the 
Mir... During the day the cosmonauts were busy and we were busy. 
The evenings were very nice, getting together...we made an effort 

to have a little bit of time together and eat. That was very nice. 

Brent Jett, Commander STS-81, 


NASA Mir Oral History June 17, 1998 


Once the docking was achieved, the Shuttle crew could prepare to enter the station and 
conduct their assigned tasks, either independently or in combination with the residents. 
With the hatches to Mir finally open, the emphasis became the transfer of hardware and 
supplies to and fro between the two vehicles. Three areas came under this joint activity: 
the internal transfer of logistics, the external transfer of hardware using the robotic arm of 
the Orbiter, and spacewalking by Shuttle crewmembers. 


WELCOME ABOARD 


During the docked phase, it was important for the visiting crew and the residents of a station 
(either Mir or the ISS) to interact as much as possible in order to foster a sense of camaraderie 
and, where appropriate, to assist one another with their assigned work. This often included 
doing some “get ahead” tasks that would improve the lives of the residents between visiting 
missions. Gathering for meal times, especially at the end of the flight day, was always a high- 
light. Catching up on news from home was important for the station crew serving a long tour, 
and being briefed about life on the station was popular with the visitors. 

After the greetings that accompanied the initial opening of the hatch, the station’s 
Commander would brief the newcomers, particularly the person who was to join the 
residents for a while, on the relevant safety issues and rules, and update them on the 
status of the station. 
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Naturally there was a desire to ensure that any visitors to a station slotted smoothly into 
the established routine, without compromising their own program and objectives. For the 
Shuttle missions visiting either Mir or the ISS, this would be a relatively brief stay. Owing 
to the complexities of crew assignments and training, and possible delays to missions, 
sometimes the Shuttle crew did not always meet in space the people with whom they had 
trained on Earth. Therefore it was important to establish early liaisons, training sessions, 
and meetings across the wider astronaut and cosmonaut groups, not only during formal 
training sessions but also socially. 

French astronaut J-F. Clervoy recalled the cooperative partnerships of his STS-84 
flight. “Charlie Precourt, who had been the NASA astronaut Director of Operations in 
Russia, was confident in his true friendship and trustful relationship with the Russians. 
Around Halloween 1996 we went to Russia for a week of crew training. We visited the 
office of Pyotr Klimuk [then Director of the Gagarin Cosmonaut Training Center]. He 
opened a door behind his desk. That is very rare, because that door is opened to a very 
small cabinet where there is some alcohol and it is only for very privileged visitors that the 
head of the training center would have as his guest; visitors to go for a coffee break in the 
back room, there is no window, a very small floor area. In fact, Charlie Precourt was the 
only one who was given access to this place. There was a very high trust there for Charlie. 
Vasily Tsibliyev [commanding the Mir-23 crew] told us when we docked, ‘Listen, I will 
give you a few minutes of briefing about the alarms aboard Mir, how to recognize them. 
After that the station is yours. You go where you want anytime, but if you have any doubt, 
come and ask and I will answer your question.’ And so I felt free the whole time to go 
anywhere, into the Soyuz, inside the Kvant 2, Kristall, Spektr and Piroda [modules] to 
examine individual work stations. There was a high degree of trust between the crews 
which developed thanks to the relationship that Charlie Precourt had already developed. 
That was very nice.””! 

There was a formal handover and transfer of personal apparatus (including the seat 
liner for the Soyuz and Sokol pressure suit) when a new astronaut joined the residents 
and the retiring astronaut became a member of the Shuttle crew for the journey home. 

The majority of crew activities during a Shuttle visit to Mir centered on relocating 
hardware between the two spacecraft. Internal transfers will be discussed in the next 
chapter. This chapter focuses on the limited use of the robotic arm of the Orbiter and the 
two docked spacewalks. 


RMS ACTIVITIES DURING SHUTTLE-MIR 


Between 1998 and 2011 robotics played a key role in the assembly of the International 
Space Station. It continues to this day, thanks to the Space Station Robotic Manipulator 
System that was installed by STS-100 in April 2001. However, because the majority of 
work conducted by each Shuttle visit to Mir focused on the internal transfer of supplies 
and the exchange of NASA resident crewmembers there was very little assembly work 
using the RMS. 

The joint US-Russian STS-60 (Spacehab 2) and STS-63 (‘Near-Mir’ rendezvous) 
used RMS Unit 201 for tasks unrelated to Mir activities. Only two docking missions 
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Early in the STS-74 mission, the RMS is shown lowering the Docking Module into place for 
mating with the ODS. When later permanently mated with Mir the DM would provide later 
Shuttles with greater clearance from the various appendages of the station. 


(STS-74 and -91) carried an RMS. During STS-74 Unit 301 was used to position the 
Russian-built Docking Module on Kristall. Unit 201 flew again on STS-91, but there was 
no payload for it to maneuver; the assignment was to verify new electronics and software 
using a series of digital signal processor assemblies (SPA). 


STS-74 RMS Activities 


On November 13, 1995, the RMS was used to undertake a payload bay survey, with 
Canadian astronaut Chris Hadfield as the primary operator. Then he ‘flew’ the arm to serve 
as a calibration target for the Photogrammetric Appendage Structure Dynamics Experiment 
(PASDE). This included leaving the arm extended far above the payload bay while the 
crew slept on their second night in space. 

The next day the RMS grappled the Docking Module at the aft of the payload bay, 
unberthed it, rotated to vertical, then maneuvered it into position 12 in (30 cm) above the 
ODS capture ring in the front of the bay. It was then carefully lowered to just 5 in (25 cm) 
above the ring and the arm placed into a “limp” state. About 30 min later, six downward- 
facing RCS jets for 1.52 sec to drive the ODS up into the stationary DM to achieve capture. 
The hard docking was performed by triggering the normal retraction mechanism and hook 
activation. As astronauts prepared to open the ODS hatch, they discovered that a stowage 
bag on the wall of the docking system was stuck, inhibiting the removal of the mounting- 
attachment system. They emptied the contents of the bag in order to allow the hatch to 
open fully. The contents of the airlock stowage bag were transferred to the bag intended 
for one of the launch and entry pressure suits. 
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Table 8.1 Shuttle Remote Manipulator System Assignments On Shuttle-Mir Missions 


Flight Mission Orbiter RMS Serial # OBSS Serial # 
Shuttle-Mir missions 

STS-60 Spacehab 2 Discovery 201 n/a 

STS-63  Near-Mir Discovery 201 n/a 

STS-74  SM-2 Atlantis 301 n/a 

STS-91  SM-9 Discovery 201 n/a 


NOTE: STS-71, 76, 79, 81, 84, 86 and 89 did not fly a RMS 


Shuttle Remote Manipulator System Serial Numbers/Flight Assignments (including Shuttle-Mir 
Missions & final two Hubble Service Missions) 
1981—1999, 2002 & 2009 


STS missions with RMS Unit 


Delivered to (Non-station missions) 
RMS # NASA 1981-2009 Notes (Shuttle Mir assignments 
201 1981 April STS-2, 3, 4, 7, 8, 27, 32, 46, STS-63 was the Near Mir 
[15 missions] 56, 51, 60, 64 ,63, 91, 95 rendezvous mission. 
STS-91 was the final Shuttle Mir 
docking mission. 
301 1983 January [21 STS-41B, 41D, 51A, 51C, STS-74 as the second Shuttle Mir 
missions] 51D, 51G, 511, 31, 41, 39, docking mission. 


48, 52, 62, 74, 77, 82, 85, STS-125 also carried OBSS 201 
87, 103, 109, 125 
302 1983 December [5 STS-41C, 41G, 51F, 61A, 5IL Lost when Challenger exploded 


missions] 
303 1985 March STS-61B, 37, 49, 47, 57, 61, 
[9 missions] 59, 68, 72 
202 1993 August STS-66, 67, 69, 80 


[4 missions] 


Information courtesy of MDA Corporation, Brampton, Ontario, Canada. 
With special thanks to Lynn Vanin, Manager, Public Affairs. 
Reference: Email from L. Vanin to AIS December 4, 2015. 


ASVS Checkout 


The Advanced Space Vision System (ASVS) was verified and calibrated by Hadfield, with 
the assistance of Bill McArthur. The system was used for both the installation of the DM 
on Mir and the undocking of Atlantis. It was a prototype for a system made to assist an 
RMS operator to precisely position hardware elements during ISS assembly. One of 
Hadfield's tasks was to perform a series of tests to assess how well the system performed. 
The exterior of the DM bore eighteen black Inconel dots bonded to white panels, some on 
the two large solar array boxes which were subsequently relocated to Mir and others on the 
upper sides of the DM or on its orange thermal blankets. These dots were arranged in a 
specific pattern that had been surveyed to within a millimeter prior to launch. 

The ASVS processed video images of the target dots and determined their exact posi- 
tion in space. For this test there were two identical systems aboard Atlantis, the second 
being configured as a “hot spare" in case the primary system failed. Each of these units 
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Canadian astronaut and STS-74 crewmember Chris Hadfield takes a break from RMS training 
in the Manipulator Development Facility (MDF) of the Systems Integration Facility at JSC. 


In this frame the RMS of Atlantis is seen near the recently installed Docking Module (at left with 
orange thermal covering). 
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Table 8.2 Shuttle-Mir RMS Operators 


Flight Mission Orbiter Prime RMS Backup/Alternate 
STS-60 WSF-2 Discovery Davis Sega, Krikalev (RSA) 
STS-63 Near-Mir Discovery Voss Foale, Titov V. (RSA) 
STS-74 SMM-02 Atlantis Hadfield (CSA) McArthur 

STS-91 SMM-09 Discovery Lawrence Kavandi 


was a computer with special video processing hardware connected to the video system of 
the Orbiter. Prior to use, the ASVS camera position and target dots were calibrated to 
allow the system to accurately align on the target. As the DM was installed on top of the 
ODS in the payload bay, Hadfield watched out of the aft flight deck windows and used the 
primary ASVS system hardware that was installed to his right. There were two television 
monitors, one showing camera views of the payload bay and the RMS and the other con- 
figured to display one of the two outputs from the ASVS. He could switch between either 
an enhanced video display that was a normal television image with a superimposed over- 
lay of target tracking boxes, or a synthetic display that used computer graphics to indicate 
the precise location and orientation of the DM on the arm. 

As Hadfield unberthed the DM from the bay, MacArthur applied a laser pen on the 
ASVS enhanced video on a second monitor to place “designator boxes" over the target dot 
images, triggering the ASVS to track those dots. Then the monitor was switched to the 
synthetic view to help Hadfield maneuver the DM on the arm. A second camera in the bay 
was positioned to acquire and track target dots on both the DM and ODS right through to 
the hard mating of the two units. 

The ASVS was designed to provide the RMS operator with precise information on the 
relative position and speed of a payload on the arm. It could track an object even when the 
RMS operator didn't have a direct line of sight. The system was first tested during STS-52 in 
1992, by Hadfield's Canadian colleague Steve MacLean. 


STS-91 RMS Activities 


On June 6, 1998, Flight Day 5 of the final Shuttle-Mir mission, Wendy Lawrence and Janet 
Kavandi finished the electronics and software checkout of upgrades to the RMS intended 
for the forthcoming ISS assembly flights. The tests also included evaluations of the arm's 
dexterous capability by simulating moving around some elements of that station.? Four 
days later, they used the RMS to inspect an area from which water had been leaking since 
launch, seeking a build-up of ice. The view from the camera on the arm did not reveal any 
ice. The leak occurred on the starboard fuselage just above the leading edge of the wing. 
It was determined to be from a valve associated with one of the fuel cells. Although the 
leak was small and would have no impact on the mission, the engineers wanted video to 
help them to understand the malfunction. The arm was held in position to view this area 
for about 30 min to observe any effect on the leak as the pressure in one of the tanks was 
initially decreased and then increased.’ This was just another way in which the RMS 
proved its value to the Shuttle system. 
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SHUTTLE-BASED EVA AT MIR 


Even if a mission did not feature a pre-planned EVA, every Shuttle crew from 1981 to 2011 
included at least two astronauts trained to undertake contingency, unplanned, or emergency 
spacewalks. 

No American had made an EVA at a space station since Skylab in early 1974, and even 
though a multitude of spacewalking activities were planned for the assembly of the ISS, 
fewer EVAs were assigned to Shuttle-Mir docking missions than might have been expected. 
To gain experience of EVA and form a cadre of skilled spacewalkers NASA had assigned a 
program of EVA demonstrations in advance of attempting the first Hubble servicing mis- 
sion. Spacewalkers were also added to other crews to test activities to assist in planning the 
assembly of a space station (initially envisaged as Freedom, later the ISS). In fact, the first 
such assignment to STS-37 in 1991 was the first spacewalk from a Shuttle since 1985. 

STS-63, the ‘Near-Mir’ rendezvous mission, included an EVA, but only after the 
Shuttle departed the station. Although taking the opportunity to perform spacewalks while 
a Shuttle was docked at Mir was attractive to the planners, in the end just two brief EVAs 
were accomplished during docking missions, logging a total of 11 hr 3 min. These were 
not strictly ‘assembly EVAs’ but they offered further experience in joint training with the 
Russians, enabling the two spacefaring partners to familiarize themselves with one another’s 
methodologies. They also provided an opportunity to inspect the exterior of Mir, adding to 
the growing knowledge-base of how materials deteriorate with long-term exposure to the 
space environment. In this respect, these spacewalks contributed to planning the EVAs that 
would be needed to assemble the ISS. 


Linda Godwin (at left with red stripes on suit) and Rich Clifford work in the payload bay during 
their STS-76 spacewalk. (Courtesy SpaceFacts.de) 
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A close up of Linda Godwin traversing the payload bay sill of Atlantis during the March 27, 
1996, spacewalk. (Courtesy SpaceFacts.de) 


STS-76 EVA at Mir 


This EVA on March 27, 1996 (Flight Day 6) lasted for 6 hr 2 min. Astronauts Linda 
Godwin (EV 1) and Rich Clifford (EV2) wore the new SAFER personal rescue units, lest 
they become detached from the docked combination because the Shuttle was not free to 
chase after them. Clifford used a test unit first flown on STS-64 in September 1994 while 
Godwin wore a refurbished ground test unit. This was the first time since Apollo 9 in 
1969 that astronauts had made an EVA near the docking interface of two separate 
spacecraft.* 

Due to Russian concerns that astronauts unfamiliar with the exterior of Mir might 
inadvertently cause damage, the EVA pair were not permitted to cross a demarcation line 
between the two vehicles. Likewise, NASA was anxious that on any future joint space- 
walks, unprepared cosmonauts must not pass over to the unfamiliar payload bay of the 
Shuttle. Hence Godwin and Clifford ventured no farther than the far end of the Docking 
Module that STS-74 had mated with Kristall. Nevertheless, both astronauts expressed 
admiration for the size of the station as they reported on the condition of its exterior, 
especially of the core module, which had been in space for over a decade. 
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Speaking of training for this EVA, Godwin said that the WETF at JSC was simply not 
deep enough to house the mockups of the Shuttle ODS and the DM together. She admitted 
that in the pool they had “pretended a lot” after exiting the mockup Shuttle airlock under- 
water, when they were guided down to the bottom of the pool by safety divers, where the 
DM mockup was lying sidewise on the floor of the tank. They had also employed the 
emerging technology of Virtual Reality for SAFER training and to simulate traversing the 
DM, the real version of which of course was already in space. 

During the EVA the astronauts clamped four Mir Environmental Effects Payload 
(MEEP) experiments to handrails on the DM. Each of these packages measured 2 sq 
ft (0.6 sq m) and resembled a suitcase. Over an eighteen month period one would 
record orbital debris impacts and another the frequency of the impacts for an investi- 
gation of the environment surrounding the station. The other two experiments were to 
expose in excess of 1,000 samples of metals, paint, coatings, fibers, insulation and 
various other materials. They were intended to be retrieved by STS-86 to provide 
information on the potential of contamination for planning more extensive ISS activities 
and experiments. 

Godwin and Clifford also assessed common foot restraints designed for use with the 
boots of either the Russian Orlan spacesuit or the Shuttle EMU, and larger tether hooks 
that could fit over the Russian handrails on the DM. Both of these EVA aids were to be 
available on the ISS. When in sunlight, both astronauts felt the warmth on the back of their 
EVA gloves and they were relieved when the complex flew into Earth’s shadow. This was 
another issue to be addressed prior to undertaking EVAs at the ISS. When in darkness they 
had to rely on lamps on their helmets and in the payload bay of Atlantis because Mir 
possessed little exterior lighting. 
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Scott Parazynski (left with red stripes on suit) and Vladimir Titov during the October 1, 1997, 
spacewalk. 
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Parazynski, his feet locked in foot restraints, adjusts the EVA equipment located on the chest 
of his suit. He is also wearing the SAFER maneuvering unit (#5) but was unable to perform 
the planned test-flight due to a systems failure. (Courtesy SpaceFacts.de) 


STS-86 EVA at Mir 


This fulfilled one of the original objectives of the Shuttle-Mir Phase-I agreement by marking 
the first time that an American astronaut and a Russian cosmonaut worked together on the 
same EVA. On October 1, 1997 (Flight Day 7) Scott Parazynski (EV 1) and Vladimir Titov 
(EV2) completed a 5 hr 1 min EVA from Atlantis. As previously, the duo remained on their 
side of the demarcation line. The main task was to attach a 121 Ib (54.88 kg) apparatus 
onto the DM in preparation for a later Mir crew to try to overcome a leak in the hull of 
Spektr, which had been sealed off since being damaged by a collision with a Progress 
freighter in June. The two men retrieved the four MEEP experiments. Further testing of 
the SAFER had to be canceled because a valve on one of the units failed, preventing the 
test firing. 
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Parazynski (at right with red suit markings) works with Titov during the October 1, 1997, 
spacewalk. Both men are located on the port longeron of the payload bay of Atlantis. (Courtesy 
SpaceFacts.de) 


EXPERIMENTS AND OUTREACH 


With a Shuttle docked at Mir for several days, in addition to the extensive program of robot- 
ics, EVAs, and crew transfers, there was also time allocated in the flight plan for astronauts 
to conduct a program of outreach activities, talk to national or international media, conduct 
television broadcasts and interviews, and chat to various national and international dignitar- 
ies. Radio contact with ‘ham’ enthusiasts was a popular activity using the SAREX Shuttle 
amateur radio experiment. Early crews were able to speak with radio amateurs, schools and 
family members via the communications system. In later years this personal contact was 
extended to the internet and social media, and it became common for astronauts to provide a 
series of “postings from orbit" and other communications. Visits between vehicles, often 
videoed as part of a televised guided tour, were often included in outreach activities. 

There were also small experiments and investigations carried out on the Orbiters inde- 
pendently of the station. These were conducted or monitored by members of the Shuttle 
crew as appropriate. 


Ongoing Research 


From the first Shuttle-Mir docking by Atlantis in July 1995 to the final docking by Discovery 
in June 1998, each Orbiter delivered tons of hardware and logistics. The Russian-built 
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Main image: The MEEP deployed during a spacewalk. Clock wise from top right: A pre-flight 
image of the first MEEP Passive Optical Sample Assembly (POSA). A pre-flight image of 
POSA-2. MEEP installed on Mir. Titov works with MEEP during his spacewalk. (Courtesy 
SpaceFacts.de) 


Docking Module was attached to the station by STS-74 in November 1995. Eight of the nine 
dockings ferried resident crewmembers to and fro. 

The major focus of activities, however, was the transportation and relocation of 
cargo and logistics for the residents. In addition, each docking mission offloaded a 
significant quantity of experiment samples, trash, unwanted material, and wastage, 
thereby relieving the station of a major problem that the Russians had no means of 
addressing on their own. 

Behind the cargo statistics and crew transfers of these missions, there were also many 
smaller experiments and payloads which, although neglected in press reports, made sig- 
nificant contributions to ongoing studies in Earth orbit and beyond. These payloads tended 
to remain on the Orbiter during docked operations and the fact that there were literally 
dozens of them further highlighted the flexibility of the Shuttle. 
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The inclusion of small experiments on Shuttle missions was something that ran throughout 
the program right from the inaugural mission in 1981 to the final flight thirty years later. 
The research payloads which were piggy-backed on space station docking and assembly 
missions to both Mir and the ISS included: 


e Short-duration US integrated research: A number of investigations were integrated 
into both the Shuttle and station programs and executed during docking missions in 
a manner that optimized the limited time available to crewmembers of both of the 
vehicles. They addressed research questions across a number of disciplines, includ- 
ing the biological sciences, physical sciences, space technology tests, and educa- 
tional activities. These payloads could be located in mid-deck lockers, attached to 
the front of lockers, or carried in Spacehab modules. 

e Partner agency experiments: When an astronauts from a partner agency was 
included in a Shuttle crew, the parent organization normally supplied a small num- 
ber of experiments to be carried out in addition to their formal duties, as time 
allowed. 


Some of these experiments and hardware were flown in preparation for the more exten- 
sive research and operations to be conducted by Canada, ESA and Japan on the ISS. 

J-F. Clervoy flew on STS-84 to Mir along with biological experiments in the ESA Biorack 
aboard a Spacehab module. There was also the rendezvous sensor technology experiment for 
the Automated Transfer Vehicle that ESA intended to use to deliver supplies to the ISS. As 
Clervoy points out, *For the ATV sensor technology testing, that's very easy. I had one 
switch, just on/off at some point during rendezvous and then off after docking, and the same 
for undocking. But I found Biorack very intensive work. It was a hands-on glove box with 
thirteen experiments. I’d assigned Elena Kondakova an experiment about plants, as I was 
doing everything dealing with biological cells. Also Ed Lu did some work." * 


Two GAS canisters installed aboard Discovery for the STS-91 mission. 
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One of several Flight Fixative Bags for returning the quail egg experiment to Earth from Mir. 


Shuttle Small Payloads Project (SSPP): Managed by the NASA Goddard Space Flight 
Center in Maryland and its Wallops facility in Virginia, this program designed, developed, 
tested, and integrated a group of carriers in the Shuttle payload bay. The individual 
payloads could be supplied by NASA, other US agencies, foreign governments, domes- 
tic or foreign customers, or schools ranging all the way from kindergarten through 
university level. The payloads were mostly carried early in the Shuttle-ISS program, 
but when the size of the main payloads increased there were fewer opportunities for 
these smaller payloads. 

Get Away Specials (GAS): The size of a 55-gallon (250 liter) drum, a GAS carrier pro- 
vided limited mechanical and electrical interfaces for small self-contained experiments. 
They were installed in the payload bay, sometimes singly but often in groups. The 
experiments were some of the earliest small investigations to fly on the Shuttle. The 
apparatus supplied by the customer (“experimenter”) could have a mass of up to 200 Ib 
(91.3 kg) and needed to conform to the internal system requirements, with only simple 
crew control functions being available. 

Hitchhiker: Experiments in canisters were installed in the bay on mounting plates of 
various sizes. The carrier provided electrical power and command signals, and could 
downlink data using a suitable interface. Operation of the experiments could be either 
from the Goddard Hitchhiker Control Center or from a remote site. 

Hitchhiker Jr.: This smaller unit used GAS-style mechanical and electrical interfaces 
but included avionics with which to monitor the carrier, payload functions, and power 
services. 
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* Space Experiment Modules: These introduced students to science aboard the ISS by 
offering the opportunity to conduct research into how materials were influenced by 
space flight. Most of these experiments involved microgravity, radiation, and the 
stresses of flying a mission. 

* Detailed Test Objectives (DTO): Numbering scores of investigations, DTOs were car- 
ried out to test, evaluate, or document existing Shuttle systems and hardware, or pro- 
posed improvements to Shuttle and ISS hardware, systems, and operations. 

* Constellation Detailed Test Objectives (CDTO): With the retirement of the Shuttle 
looming, missions helped to test hardware, systems, and operations intended for the 
vehicles that were to replace the Shuttle in the Constellation program. 

* MPS Data Gathering: Throughout the Shuttle program investigations were assigned to 
missions to test, evaluate, and develop new systems intended to improve the safety and 
performance of the Shuttle main propulsion system; namely the SSME-ET and the twin 
SRBs. 

* Station Development Test Objectives (SDTO): These were DTOs flown with spe- 
cific emphasis on the International Space Station and followed the criteria of nomi- 
nal DTOs. 

* Detailed Supplementary Objectives (DSO): This was an extensive series of space and 
life sciences investigations executed on the Shuttle throughout its thirty year history. 
They investigated the extent of physical deconditioning (loss of physical fitness) as a 
direct result of space flight, tested a variety of countermeasures to this deconditioning, 
and characterized the environment aboard a Shuttle and/or the ISS in terms of the health 
and wellbeing of the crew. 

* Risk Mitigation Experiments (RME): This long series of investigations was developed 
to assess measures intended to reduce or eliminate unacceptable risks associated with 
flying in space. The studies were directed towards the reduction of severe hazards either 
by reducing the risk itself or by reducing exposure to the risk. The outcomes were then 
incorporated into operational hardware, systems, or procedures. 

e Small Satellites: A number of non-recoverable small satellites were spring-ejected from 
the payload bay of the Shuttle during some of the ISS docking missions. These were 
usually ejected after undocking. 

* Outreach and Commemoration: Each Shuttle crewmember carried a small Personal 
Preference Kit (PPK) as part of their crew equipment. This included up to twenty 
personal, non-commercial items that had to fit within a bag that was only about 3 in 
(75 cm) square. There were also up to ten items that had less stringent regulations in the 
Official Souvenir Kit (OSK). This accommodated items from institutions, official orga- 
nizations, or Very Important People. Many of these were presented as gifts during post- 
flight tours and visits. There were also items associated with “promoting the space 
program." One such object was the IMAX Cargo Bay Camera, a 2.535 in (65 mm) 
color motion picture camera system that was flown on STS-63, -71, -74 and -79 to 
obtain footage which was used in the 40 min IMAX documentary film Mission to Mir 
that was released in 1997. 
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This selection of close up images taken during the STS-81 mission focus on various struc- 
tures and components of Mir. Between 1995 and 1998 the crews from ten Shuttle missions 
took a vast number of stills and movie film of the Russian station as part of an ongoing 
program of photo documentation to catalogue the condition and deterioration of various 
materials across several years. This project was related to materials science experiments 
subsequently conducted on the ISS and for the planning of future long-duration spacecraft. 
(Courtesy Ed Hengeveld) 
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It would be far beyond the scope and confines of this present volume to detail all the 
experiments, research projects, and tests that were performed aboard the Shuttle during 
missions to Mir and the ISS. The reader is strongly urged to consult the press kits and mis- 
sion reports for each of the forty-seven missions to read detailed accounts of their opera- 
tional activities, and to NASA's various websites for post-flight results. A search of the 
internet will usually also yield conference and technical papers on many of these topics. 
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Crew Transfers and Loadmasters 


LOAD MASTER: Definition (n. military in origin) — 
a crewmember responsible for the loading and 
stowage and unloading of cargo aboard a vessel 
[usually an aircraft or ship, but in this case 

a spacecraft and/or space station]. 


The Random House Dictionary, 2016 


Throughout the time that a Shuttle was docked to Mir, the visiting astronauts were kept 
busy transferring logistics and supplies from the habitable compartments of the Orbiter via 
narrow hatches and connecting tunnels deep into the aging station. These activities on Mir 
provided a useful learning curve for later and much more extensive transfers at the ISS. 

From a vantage point some five years after the completion of the ISS, it is sobering 
to realize that back in 1995, three years prior to starting ISS assembly, NASA had no 
experience in the relocation of supplies, hardware, logistics and replacement items for 
failed equipment. From Mercury through to the Shuttle, almost all of the supplies and 
equipment required during a mission had to be carried in the spacecraft itself. The only 
exception was Skylab. Although the station was launched unmanned with supplies for 
three planned crews, each Skylab crew carried a small amount of top-up supplies plus 
some last-minute equipment and spares for the orbital workshop in their Apollo ships. 
However, the capacity available for such items was very restricted in terms of volume 
and mass. 

For Shuttle-Mir, a new position was created for at least one member of the Shuttle 
crew: the Loadmaster. This astronaut was chiefly responsible for the efficient and safe 
relocation of small items of hardware, supplies and cargo both into and back from the sta- 
tion. These crewmembers, supported by several colleagues, were the unsung heroes who 
ensured that the right supplies ended up in the proper locations and that trash and other 
unwanted items were securely stowed aboard the Shuttle to be returned to Earth. Although 
not a particularly glamorous role, this was vital for keeping Mir and the ISS stocked up 
and yet free from clutter, at least until the Shuttle was retired from service upon comple- 
tion of the ISS. 


© Springer International Publishing AG 2017 169 
D.J. Shayler, Linking the Space Shuttle and Space Stations, 
Springer Praxis Books, DOI 10.1007/978-3-319-49769-3 9 
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Unloading freshly arrived unmanned Progress spacecraft had been a routine part of 
cosmonaut tours on space stations since 1978, as had filling them up with rubbish for later 
burn up in the atmosphere. Starting with Salyut 6, such automated freighters had kept 
Russian space stations operational for years. They continued to do so for the ISS long after 
the retirement of the Shuttle fleet, after the introduction of cargo haulers by ESA and 
Japan, and even after commercial unmanned resupply craft entered service. 

Owing to the sheer volume of material to be relocated in a short period of time, the 
position of Loadmaster introduced for Shuttle-Mir was carried over for the ISS.” 

To understand this ‘job description’ for a Shuttle astronaut it is necessary to review the 
equipment that was provided for carrying supplies and to explain how the systems worked. 
It is also helpful to consider reflections by some of the astronauts who served this role on 
Shuttle-Mir missions. 


THE CARRIERS 


In addition to the major hardware items that were transported to and from Mir, several Shuttle- 
Mir missions carried a Spacehab module in the payload bay. Despite a history of successful 
flights and studies of its potential utility in space station operations, only the first docking with 
Mir (STS-71) carried the ESA Spacelab module to a station, and on that occasion it contained 
apparatus to examine the medical state of the retiring Mir crew, one member of which was the 
first American to serve as a member of a resident crew aboard that station. 


An artist's impression of the Spacehab module, with a cutaway showing its interior layout and 
connection to the mid-deck of the Orbiter. (Courtesy Spacehab, Inc.) 


“See the companion title Assembling and Supplying the ISS: The Space Shuttle Fulfills Its Mission. 
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Detail of the Spacehab Double Module. (Courtesy Spacehab, Inc.) 


Pressurized Modules 


Two types of pressurized modules were transported in the payload bay of Shuttles that 
docked with Mir.! 


Spacelab Long Module: The main contribution by ESA to the Shuttle program was the reus- 
able Spacelab pressurized module and unpressurized pallet system. It could be assembled 
in a variety of ways to undertake specific mission objectives. For example, the pressurized 
module could be employed in its long or short versions as a habitable laboratory in which 
crewmembers (including specially trained scientists who were not professional astronauts) 
could work in a shirtsleeve environment on flights that lasted up to two weeks. Access to the 
module was through a 3.3 ft (1 m) diameter tunnel that linked it to the mid-deck. There were 
two configurations of Spacelab Transfer Tunnel available. When the module was installed 
in the forward part of the bay, a tunnel 8.7 ft (2.7 m) in length was used, and when it was in 
the aft of the bay the tunnel was 18.8 ft (5.8 m) long. The cylindrical module had an outer 
diameter of 13.5 ft (4.12 m) and an individual segment was 8.9 ft (2.7 m) long. The long 
module comprised two segments joined together to provide a single volume. The short 
configuration was superseded by the short module developed by Spacehab, Inc. 

During the docked phase of STS-71, at least 100 hr of science experiments were con- 
ducted in a joint American and Russian biomedical program. The core segment of the 
double-length facility housed the utilities, data processing apparatus, and a number of air- 
cooled 19 in (48.26 cm) racks of experiments, a work bench, and a high quality window in 
the roof. The other section primarily accommodated additional experiment racks, but it 
had provision for either a second window or a scientific airlock by which experiments 
could be exposed to the space environment. 
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Working inside the only Spacelab module flown to Mir or the ISS. Here members of the joint 
STS-71/Mir-18 crews conduct a range of medical tests and evaluations during the docked 
phase: [l-r] Ellen Baker, Vladimir Dezhurov (Mir-18 CDR, on the bicycle ergometer), Greg 
Harbaugh (top center), Bonnie Dunbar, and Norm Thagard (right, Mir-18 cosmonaut researcher). 


The biomedical research for STS-71 consisted of fifteen investigations in seven differ- 
ent disciplines: cardiovascular and pulmonary functions; human metabolism; neurosci- 
ence; hygiene, sanitation and radiation; behavioral character and biology; fundamental 
biology; and microgravity research. 

In addition, the Russians had a regime of exercises based on the countermeasures used 
by space station crews since 1971 to prepare their bodies for returning to Earth after long- 
duration flights. 

For NASA, the retrieval of the Mir-18 crew was the first opportunity to study the effects 
on long-duration space flight on astronauts while they were in space since the Skylab mis- 
sions of the early 1970s, and it yielded much needed data for planning the longer missions 
to Mir and the ISS. The guinea pigs were tested towards the end of a residency aboard Mir 
of over 100 days. The two Mir-19 cosmonauts launched on the Shuttle also participated. 
The NASA member of the retiring crew, Norman Thagard, was a Doctor of Medicine by 
profession. He was assisted in the examinations by his back-up Bonnie Dunbar and 
Payload Commander Ellen Baker, who was also an MD. 

Despite their experience of operating space stations, the Russians had never been able 
to transport such sophisticated medical apparatus into space to study prolonged exposure 
to the environment in low Earth orbit. Only the Shuttle could synergize the two space 
programs in this manner and the Spacelab was ideally suited to the task. 


Spacehab Augmentation Module: When Spacehab, Inc., was established in 1983 as a com- 
mercial consortium, its goal was to satisfy the perceived expanding requirement for Shuttle 
payloads carried in mid-deck lockers. It developed a small pressurized module to sit in the 
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payload bay as an expansion of the mid-deck. Each Orbiter had capacity for 42 lockers 
on the mid-deck, but only seven or eight of these were available for scientific equipment. 
The other 35 were normally crammed with crew equipment, food, clothing, tools, cam- 
eras, and miscellaneous other paraphernalia. The mid-deck also served as the galley, bath- 
room, bedroom, gym, workplace, and off-duty area, so there was little room to conduct 
scientific experiments or to carry additional logistics and supplies. However, there was a 
degree of flexibility because some of the lockers could be removed either to accommodate 
larger items of apparatus or to provide more room. A major improvement came in 1997, 
when it was possible to relocate the EVA airlock outside of the mid-deck and the volume 
that this released was nicknamed “The Ditch.” 

Carrying a Spacehab in the bay effectively quadrupled the working volume available to 
the crew. Each of its lockers could carry up to 60 Ib (27.2 kg) in a volume of 2.0 cu ft 
(0.056 cu m). By offering a large capacity for such lockers, and by charging customers, the 
company initially thought it would be possible to work up to a flight rate of several mis- 
sions per year. But the market for commercial microgravity research didn’t develop as 
expected and most of the payloads were government funded. However, the Spacehab mod- 
ule ultimately proved itself as a cargo hauler on space station missions. 

The module came with its own connecting tunnel that included a hatch to allow EVA 
crewmembers to exit into the payload bay. On Spacehab-only missions, the module was 
carried near the front of the bay. Although the module was cylindrical, its upper surface 
was flattened off so as not to obstruct the view of the rear of the bay from the mid-deck 
windows. For docking missions, it was placed farther back so that the ODS could be 
mounted ahead of it. In that case the tunnel provided access to both the ODS and, by exten- 
sion, to the module beyond. 


Table 9.1 Spacehab Specifications 


Description Single Module (SM) Double Module (DM) 
Volume 308 cu ft 1,100 cu ft 

Height 11.2 ft 11.2 ft 

Width 13.5 ft 13.5 ft 

Length Approx. 10 ft Approx. 20 ft 


The height and width of both the single and double module were constrained by the dimensions 
of the orbiter payload bay whilst still offering visibility out of the aft flight deck windows. 


Launch Mass (un-laden) 10,000 Ib 20,000 Ib 
Cargo Capacity (max) — 3,000 Ib 10,000 Ib 
Lockers Only 61 max 61 max 
Racks with Lockers 1 rack with 51 lockers 61 lockers with 4 rooftop locations or, 
or, 4 racks (2 powered), plus floor stowage for large, 
2 racks with 4 lockers unique items 
Windows/Viewports None 1 
Construction Aluminum structure with multi-layered insulation 
Sub-systems Lighting, ventilation, limited power supply, command and data, fire 


detection and suppression, vacuum venting 
Connection with Orbiter Utilizes Spacelab tunnel and adapters allowing connections to the 
orbiter middeck and Shuttle docking and airlock facilities 


(continued) 
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Spacehab Flight Assignment 1993-2007 


Seq. STS Year SM DM Station Mir ISS NOTES 

1 57 1993 p' - - - - *STS-107 carried the only Research 
2 60 1994 i - - - - Double Module (RDM) configuration. 
3 63 1995 3*7 - - - - There were 18 Spacehab module 
4 76 1996 a" - I" 1“ : flights (7 SM and 11 DM). 

5 77 1996 5" - - - 7 

6 79 1996 - Js 2nd 2nd - Of these 12 (2 SM, 10 DM) were 
7 81 1997 - nd 3ra 3n - space station flights. 7 missions 

8 84 1997 - 34 yh 4h 7 (2 SM and 5 DM) flew to Mir, 5 

9 86 1997 - 4^ Sh 5h - (all DM) flew to ISS. 

10 89 1998 - 55 465 6h a 6 (5 SM, 1 DM) were 

11 91 1998 6" - Th qe - non-station missions 

12 95 1998 7^ - - : : NOTE: ISS DATA (1999-2007) 
13 96 1999 -  6* S^ : I" FOR INFORMATION ONLY 

14 101 2000 - y. ug - 2 

15 106 2000 - $^ 10% - 37 

16 107* 2003 - gh - - 

17 116 2006 - 10^ JI" - 4n 

18 118 2007 1I J2" - 5" 


The first Single Module Spacehab flew on STS-57 in 1993 and the first Double Module 
on STS-79 in 1996. The dimensions of the two configurations are given in Table 9.1. 

Normally only two crewmembers were assigned tasks within the Spacehab module in 
order not to exceed the capacity of its environmental control system. If other astronauts 
needed to be in the module, the environmental system was adjusted for brief periods. As 
with the Shuttle mid-deck lockers, the Spacehab modules also supported a range of experi- 
ments and investigations that weren't intended to be transferred into the stations. 

The value of the Spacehab module as a space station logistics carrier was proven by the 
Shuttle-Mir missions, and this provided the impetus to assign similar flights to the ISS 
prior to the introduction of a new module with superior cargo handling capabilities. 

Despite a packed flight plan and the pressure to ensure that all the major tasks were 
accomplished, there was often time set aside for the crew to enjoy themselves. Having 
Spacehab in the payload bay gave astronauts a source of enjoyment. When the module was 
installed towards the rear of the payload bay, as on STS-84, this gave the crew an extended 
tunnel. As J-F. Clervoy says, “The Spacehab had a connection at the bottom of the module 
in a straight line to the mid-deck, so you could see from the back of the Spacehab all the 
way to the mid-deck lockers. We had a flight rule which said that if a mission was to last 
for over seven days, the flight planners had to insert four hours of free time into the crew 
activity plan to allow the crew to rest, to relax or to do what we liked. Usually we dedi- 
cated most of this time to outreach activities. We recorded video for schools, and things 
like that. But we kept one hour to ourselves just for fun. Eileen Collins and Jerry Linenger 
played with big blobs of water. We also did some racing in the tunnel. We'd try to fly as 
fast as possible from the aft bulkhead of Spacehab to the forward lockers on the mid-deck. 
At one point, all seven of us flew through the tunnel. That video is quite fun! 

“T never felt the length of the tunnel as posing any kind of problem. At one point in the 
mission I was looking at Earth through the small overhead window of the Spacehab when 
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I heard Eileen calling out to me, ‘Billy-Bob, Billy-Bob. We're going to fly over the Pyramids.’ 
She knew I was fond of them, especially after my first flight on STS-66 where I enjoyed look- 
ing at the Pyramids in Egypt. They’re very hard to recognize with the naked eye if you don’t 
know precisely where they are located. I knew where to look. I remember, within just three 
seconds, I left the Spacehab and was on the flight deck of Atlantis, looking out the large win- 
dows and teaching my colleagues how to look for the Pyramids. That was very, very fast.” 


Unpressurized Carriers 


In addition to the pressurized carriers, planners had several unpressurized carriers and sup- 
port hardware available in the payload bay of the Orbiter. 


Spacelab Pallet: Complementing the pressurized Spacelab modules were the ‘U’ shaped 
pallets to transport a range of instruments and equipment, such as telescopes, sensors and 
antennas that could be exposed directly to the space environment. Pallets could be used 
either in conjunction with a pressurized module or in pallet-only form, when they were 
supported by a subsystems enclosure nicknamed an igloo. There was also the option of 
carrying an Instrument Pointing System when a payload required to be pointed more accu- 
rately than the Orbiter could achieve. 

Spacelab pallets were aluminum framed structures 13.1 ft (4 m) across and 10 ft (3 m) 
long. Apparatus was bolted on to so-called hard points. They could accommodate several 
configurations of support structures, and hence offer bespoke attachments for particular 
instruments, experiments, hardware, or other items. Pallets could be linked together as 
“trains.” As many as five pallets could fit into the bay, but this was never done. 


Passive Experiment Carriers (PEC): These small carriers were attached to the wall of the 
payload bay. On STS-76, for example, they carried the four MEEP experiments, with an 
experiment container housing the individual experiments. The packages were subse- 
quently attached by spacewalkers to the Docking Module using handrail clamps. 


NOTED. F6 aa catan) on, AREA, 
CO (setis) TL COS (TER 
exin] end CANN VOA exparimerin 
presu 


ACH Batatas 8 sind iio 
ors mi pot. 


= 
COE: soon 
= nd 
mE (Lo. eRe" 
Lo 


CFA un Ei] p 


Detail of a typical locker layout of the Spacehab module. The original artwork was of poor 
quality, but has been included here for illustrative purposes. 
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Locker & Trays 


Details of the lockers, trays, and racks used in a Spacehab module. They were based on the 
lockers used on the Shuttle mid-deck. The original artwork was of poor quality, but has been 
included here for illustrative purposes. 


THE STOWAGE FACILITIES 


Various facilities and apparatus were available to store, carry, and transfer cargoes to and 
from the Orbiter and the ISS in a secure and safe manner. 


Lockers: The standard mid-deck lockers for the Shuttle and Spacehab were 10.6 in (26.92 
cm) tall, 18.4 in (46.73 cm) wide, and 21.1 in (53.59 cm) deep. There were two types of 
tray available for insertion into the lockers. The large type was 9.59 in (24.35 cm) tall, 
16.95 in (43.045 cm) wide, and 20.0 in (50.8 cm) deep. The small unit had the same width 
and depth but was only 4.5 in (11.43 cm) tall. The trays could readily slide in and out of 
the lockers, with two of the smaller ones fitting into a single locker space. A hinged door 
flap and twist catches secured each locker. 
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For a Shuttle flight, each individual locker on the mid-deck was assigned a specific 
number to identify its location. This was marked on the door flap. The mid-deck locker 
numbering system was included in the crew documentation for equipment, experiments 
and logistics transfers. For example locker MF47C was determined thus: M meant the 
mid-deck; F meant forward; there were also MR (right), ML (left), MO (overhead) and 
MA (aft); 47 meant 47% across the forward bulkhead from the left to right facing, thus the 
number represented the percentage of whatever surface the locker occupied; and C indi- 
cated the distance from the top of the locker framework going downwards in 6 inch (15.24 
cm) increments (to allow for two of the smaller trays inserted in the framework) and 
expressed alphabetically with ‘A’ representing the top-most location. 

Therefore, the number on a locker was determined by where it was mounted on the 
mid-deck. If the first locker was mounted 2 ft below the top, even if there was nothing 
installed above, it would receive the designation ‘E’ rather than ‘A.’ The code MF47C 
would identify a locker on the mid-deck forward bulkhead, about halfway from port to 
starboard and 13 in (33.02) to 18 in (45.72 cm) from the top. 

The Spacehab locker numbering system was similar, but simpler. The lockers were on 
the Forward and Aft bulkhead, divided into Starboard, Center and Port, and then in numer- 
ical sequence from 1 downwards (or across in the case of central lockers). With this sys- 
tem, FP04 would indicate the Forward bulkhead on the Port side, fourth locker down, 
whereas AC11 would be the eleventh locker down in the central position on the Aft 
Bulkhead. Oh, the joys of loadmastering! 


Each crew carried out extensive pre-flight checks in order to become efficient in the stowage 
of Spacehab. 
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A pre-flight view inside a Spacehab module before the addition of more extensive stowage. 


The power supplied to mid-deck lockers was 115 watts at 28 volts DC. Anything which 
required more than this would have to incorporate customer-provided cooling systems. 
Vacuum venting and data facilities were available on a mission dependent basis. As already 
mentioned, if necessary some lockers could be removed to provide volume for other items 
of equipment. 
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The STS-84 crew participating in the Crew Equipment and Interface Test in order to familiarize 
themselves with the various apparatus. 


The stowed logistics in the Spacehab module for the STS-76 mission to Mir. 


Preventing the contents of a locker from escaping could be accomplished by using net- 
ting, zipper enclosures, and molded foam inserts. The latter were normally used to support 
small, delicate items such as tools and cameras, lenses, etc. The problem with the inserts 
was that they restricted the number of items that could be stowed per tray, which meant 
either that more trays were needed or that astronauts had to continually carry a careful 
selection of items. 
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Mounting Plates: As an alternative to lockers, experiments could also be affixed to mount- 
ing plates. These flat plates had two optimum hole configurations for mounting on the 
mid-deck or a Spacehab. A single plate had a rated capacity of 60 Ib (27.2 kg), and a 
double plate was twice that. Their inclusion depended upon whether the number of 
required locker spaces was available. In combination with experiment apparatus in lock- 
ers, the mounting plates offered standard interfaces and a little more flexibility in the 
design of carriers for experiments. 


Payload Racks: The payload racks of the Spacehab module were supplied as single or 
double configurations. Measuring 80.0 in (203.2 cm) tall, 22.1 in (56.41 cm) wide, and 
35.0 in (88.9 cm) deep, a single rack could carry 655 Ib (297 kg) of payload. The double 
rack was the same as a single except for being 42.1 in (106.9 cm) wide with a capacity of 
1,210 Ib (548.8 kg). Irrespective of its size, a rack could provide 1 KW of power, water 
cooling and vacuum venting. The actual configurations were typically a compromise, 
since each single rack occupied the volume of ten lockers in the module. The design of the 
rack also offered standard 19-inch (48.26 cm) hole patterns to allow payloads to be 
mounted on the front panel. The rack design was also compatible with both the European 
Spacelab module and the facilities developed for the ISS. 


Soft Stowage Bags (SSB): These could either be mounted on the front of a payload rack or 
the floor of the Spacehab module. They were used for additional soft transfer items, often 
the final cargo to be stowed prior to launch, such as clothing, linen, or items that were too 
large for the crew transfer bags. 


Crew Transfer Bags (CTB): These came in four sizes, referred to as half, single, double, and 
triple; the size being related to the mid-deck locker equivalent (MLE) dimensions, namely: 


Type of CTB Maximum capacity Dimensions in inches Dimensions in cm 

Half 30 1b/13.6 kg 16.75 x 9.75 x 9.25 42.54 x 24.76 x 23.49 
Single 60 1b/27.2 kg 16.75 x 19.75 x 9.25 42.54 x 50.16 x 23.49 
Double 120 1b/54.4 kg 18.75 x 19.75 x 18.75 47.62 x 50.16 x 47.62 
Triple 180 1b/81.6 kg 18.75 x 19.75 x 28.0 47.62 x 50.16 x 71.12 


A bag had an end opening facility, a clear label with a general description of what was 
enclosed (clothing, tools, and so on), and Lexan windows to display the contents without 
having to open the bag. A content label printed in English was duplicated and placed in 
pockets on the sides of the bag. A detailed list itemized the contents and the toxicity of the 
most toxic items. Each bag was assigned a bar code identification label, an operations 
nomenclature, and toxicity. To aid the crewmembers in rapidly storing a bag in the proper 
place on a station during transfer (and taking into account the limited time available), each 
bag was color coded for fast temporary storage, pending sorting later. On the ISS this 
would include salmon for Unity, tan for Zarya, etc. White labels were reserved for bags 
that were packed on-orbit and marked ‘Go Home’ for return to Earth. Because these were 
normally manually filled by the crews on-orbit, plain white cards were used to update the 
contents as each bag was filled. 


Contingency Water Containers (CWC): Water generated as a waste product by the Orbiter's 
fuel cells was stored in containers and transferred to Mir to supplement the limited supply 
there. Transfer bags proved very convenient in this role. This was also done in the early 
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years of ISS assembly, prior to setting up the water reclamation unit aboard the station. 
Even after that, bagged water served as a back-up. However, after the retirement of the 
Shuttle, water was delivered aboard unmanned cargo vehicles. A CWC bladder resembled 
a duffle bag and could hold approximately 90 Ib (44 liter) of fluid. Payload Water Reservoirs 
(PWR) were similar, but rather smaller. The Russian containers that are still being deliv- 
ered by Progress resupply ships hold about 48.5 Ib (22 liters). 


STS-79 loadmaster Tom Akers refers to his documentation during the transfer of cargo to and 
from Mir. 


As STS-76 MS Ron Sega experiences, negotiating the various hatches and tunnels added to 
the challenges of passing by older stowage bags and relocating fresh logistics on Mir. 
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Maintaining the Center of Mass 


When stowing cargo on the Shuttle, either for launch or for returning to Earth, it was important 
to keep track of the total mass and to position items in a way which would maintain the desired 
center of mass of the vehicle. The foam packaging that restrained items in the bags was not 
included in the cargo transfer bag launch weight summaries. Nor were the straps and soft net- 
ting (known as fences) that held the bags in place for launch, orbital flight, and landing. 


Table 9.2 Loadmaster Assignments & Logistics Allocations Shuttle-Mir 


STS-71 Loadmaster Harbaugh Assistants Gibson, Precourt 
Mir Cargo mass to station Ib Cargo mass from station Ib 
kg kg 


NOTES Equipment, experiments, & consumables transferred to Mir: H2O 1,067 Ib. (in 18 Russian water 
tanks and 3 Contingency Water Containers (CWC), O, 48 Ib. and N, 87 Ib. to Mir 


STS-74 Loadmaster Ross Assistants Hadfield , Halsell, 
Cameron 

Mir Cargo mass to station lb | 2,132 Cargo mass from station Ib 816 

kg | 967 kg 370 
NOTES Consumables transferred to Mir: H5O 993 Ib. in 10 CWCs, O, 59 Ib., and N, 44 Ib to Mir 
STS-76 Loadmaster Clifford Assistants Sega, Searfoss, Godwin 
Mir Cargo mass to station Ib | 4,480 Cargo mass from station lb 

kg | 2,032 kg 


NOTES Consumables transferred to Mir: 15 CWC’s, total of HO 1506 lb., N, 42 Ib., O, 62 Ib. and 
614 Ib. food transferred to Mir 


STS-79 Loadmaster Akers Assistants 

Mir Cargo mass to station Ib | 4,000 Cargo mass from station lb 2,000 
kg 1,814 kg 907 

NOTES Consumables transferred to Mir: 2,025 Ib. H,O, 69 Ib. O, and 43 Ib. N, to Mir 

STS-81 Loadmaster Ivins Assistants 

Mir Cargo mass to station Ib | 5,975 Cargo mass from station Ib 2,361 
kg | 2,710 kg 1,070 


NOTES Consumables transferred to Mir H50 1,608 Ib in 16 CWCs; In addition1,138 Ib of science 
equipment; 2,206 Ib of Russian logistics and 268 Ib of miscellaneous items 


STS-84 Loadmaster Noriega Assistants 
Mir Cargo mass to station Ib 3,812 Cargo mass from station lb 2,474 

kg 1,729 kg 1,122 
NOTES Consumables transferred to Mir: 1,038 Ib. H-O, 82 Ib. O,, and 21 Ib. N, to Mir 
STS-86 Loadmaster Chretien Assistants Titov 
Mir Cargo mass to station lb | 7,000 Cargo mass from station lb 

kg 3,175 kg 
NOTES Consumables transferred to Mir: H,O 1,717.2 1b., (17 CWCs), 0275.7 1b.. N 130.7 Ib. 
STS-89 Loadmaster Reilly Assistants Dunbar 
Mir Cargo mass to station lb 7,000 Cargo mass from station lb 

kg 3,175 kg 
NOTES Consumables transferred to Mir: over 1,000 Ib of H,O 
STS-91 Loadmaster Lawrence Assistants Ryumin (and others) 
Mir Cargo mass to station lb | 4,000 Cargo mass from station Ib 

kg 1,814 kg 


NOTES Transfers included 2,600 Ib of Russian logistics; Consumable transfers included 1,200 Ib H,O 


Note: Not all data is available. 
Reference: Data courtesy: Space Shuttle Mission Summary, Robert D. (‘Bob’) Legler and Floyd V. Bennett, 
Mission Operations, DA8, NASA JSC, Houston, Texas, NASA TM-2011-216142September 2011. 
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A MOVING EXPERIENCE 


The various types of carrier and stowage facilities developed to enable the Shuttle to trans- 
port cargo to and from a space station were a new experience for the Americans because, 
apart from Skylab, the crews of Mercury, Gemini, Apollo, and standalone Shuttle missions 
knew that everything they would need was somewhere aboard their vehicle. Each crew 
devoted a significant amount of training time to identifying what was stored where, and for 
what purpose. Even with Skylab, an Apollo spacecraft was able to transport only a limited 
range of fresh supplies; certainly nothing on the scale that the Shuttle was capable of 
carrying. 

A dictionary says that the word ‘logistics’ involves the moving and organizing of sup- 
plies and equipment by implementing a plan or its operation. For the Shuttle, this had to be 
planned in detail to ensure that each element of cargo ended up in the right location and that 
nothing was inadvertently left in the Shuttle or the station. It wasn’t just a matter of grabbing 
the next item that came within reach and shoving it through the tunnel to be simply dumped 
into some corner of the other craft. The job had to be according to a plan, with special atten- 
tion paid to perishable items, delicate scientific instruments, or results of experiments. At all 
times, the mass of the Shuttle had to be calculated in order to define the center of mass of 
the vehicle for re-entry and landing. And owing to the limited duration the Shuttle could 
remain docked to the station, the transfers had to be undertaken at a hectic pace. 

On each docking at a station, a quantity of “soft” cargo, hardware, or consumables were 
transferred from the habitation modules and storage locations of the Orbiter into the host. 
And there were items to be returned to Earth, if only to be discarded after the flight to 
alleviate the constant accumulation of trash and no longer wanted equipment. One thing 
that the Shuttle possessed was volume, and when a Spacehab or MPLM was carried, this 
greatly increased the amount of cargo in either direction. Indeed, several missions were 
designated utilization flights rather than cargo flights, this word simply meaning “to make 
practical use of.” Everything on a logistics flight was packed for a purpose and a reason, 
and all relocation was to a very detailed plan. 

As with many aspects of the joint US-Russian program, the Shuttle’s support of the Mir 
space station was a rapid learning curve for NASA in preparing to supply the ISS. 


Plan Against Reality 


“I think most of the flight plan worked pretty well,” said Janet Kavandi, recalling her visit 
to Mir during STS-91. “Then it was revised as we built the ISS. We learned a lot about 
timelines, and accuracy of how much time it takes to do certain tasks. So every time this 
was under estimated, we’d make a note to the ground crew that we needed to add fifteen 
more minutes, or [perhaps] thirty minutes so that the next time, especially during ISS 
construction, we could be more accurate on how long it would take to do certain things. 
It’s always a busy program. You pack in as much as you can in every hour of the day. So 
the days were longer in reality than they showed on the timeline, simply because if we did 
not put it on there we would never have achieved all of our mission objectives. Crews 
worked beyond what should have been the timeline to get things finished and accurate. 
Otherwise you just couldn’t get the mission done in the allotted time. They were pretty 
aggressive about that."^ 


STS-79 PLT Terry Wilcutt is surrounded by water transfer bags on the mid-deck of Atlantis 
prior to their transfer to Mir. 


Dealing with Mir’s stowed trash was another logistics challenge for each docking mission. 
It was evident that things would have to be better organized for the ISS. 
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Taking care not to lose a crewmember on Mir was always a concern. 


Tom Akers, the STS-79 loadmaster, says that although the cargo transfer from the 
Spacehab module to Mir was very involved, it could not really be called complex. “It was 
simply a matter of moving lots of things from Atlantis to Mir and then filling the lockers 
with return items. The ground team had a detailed plan for where everything went for the 
return trip...so really it was pretty simple and we got it all accomplished ahead of sched- 
ule. That gave me more time to use the IMAX camera over on Mir.” 

The Mir series of dockings gave the NASA planners very useful information about the 
complexity of relocating small and large items of hardware from the Shuttle to the station 
and later in the other direction. They also revealed practicalities which, during the post- 
flight debriefing, allowed future crews to gain an insight into the difficulty of the task. 

Akers recalls the planning for the cargo transfers. ^We actually did a mock transfer 
exercise twice using paper with item names during our training. This was a team effort 
with two or three crewmembers helping at once, with me usually just remaining in the 
Spacehab, logging what was going out and coming in. The Russian crewmembers and 
Shannon Lucid were really a big help because they brought all the things that were to 
return to Earth from Mir over to the Spacehab. It reminded me of moving out of your 
house in terms of organization, but at the same time as someone was moving into the house 
that you are leaving. It went very smoothly due to the great teamwork between our Shuttle 
crew and the Mir crew. The Mir crew knew where they wanted to store all of the items that 
we brought up, so they were in charge of personally placing items on Mir or directing 
members of our crew where to place them. So they were prepared for the transfers and had 
made room for each item. We didn't worry about the [Orbiter's] center of gravity changes 
while in space, but we had a plan for landing. The center of gravity was achieved by exact 
placement of all return items in specific lockers, as per the flight plan. There were some 
last-minute add-on return items. The ground told us where to store those to maintain the 
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proper center of gravity. Logistics transfer is just common sense... Move something to 
Mir, bring back what is supposed to fill the hole in the Spacehab that you’ve just emptied, 
and so on. You just need a detailed plan and follow it. But be flexible and modify the plan 


Working together to unload the Spacehab module during STS-81: [l-r] Jeff Wisoff, Mike 
Baker, and recent addition to the Mir-22 crew Jerry Linenger. 


UT 
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A computer, destined for Mir is prepared for addition to a Spacehab payload. 


STS-89 PLT Joe Edwards and MS Salizhan Sharipov inside the Spacehab double module 
preparing to transfer a replacement gyrodyne device to Mir. 
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Working with Spacehab 


Each member of a Shuttle crew was assigned specific duties for the various aspects of the 
mission. For STS-84, along with Yelena Kondakova and Ed Lu, J-F. Clervoy was responsi- 
ble for the Spacehab module. He recalls, “It was very nice because Spacehab was much 
simpler than the Spacelab, which was designed when computers weren’t so powerful and 
training was very practical, hands on. When we flew Spacehab, training was basically com- 
puter based in that you would go through the interactive lecture and then take an exam. You 
learned how the Spacehab works as a system, how it interacts with the electrical system and 
with the computer system on the Shuttle. You learn the basics by computer, by yourself. 
Then training switched to how to activate the valves, how to switch on switches, how to 
connect the connectors, how to activate Spacehab, how to open the hatch, how to set up the 
Spacehab from the launch configuration to a nominal configuration. This was done at 
Spacehab’s own company facility in Florida, where they had a flight module. It was nice for 
an astronaut to train on a high fidelity model, an almost exact replica of the flight hardware, 
because you can get your hands on the hardware and talk to the control team.” Configuring 
the Spacehab module was time consuming, but not difficult. “It was easy, because it was 
fresh in our minds after the training, and because I'd proposed that Yelena Kondakova would 
be the colleague with whom I'd do the activation. So if you look on the movie of our flight, 
you'll see me and Yelena, opening together the hatch, entering into the module, and starting 
the activation. The procedure was well written and we were well trained. In fact, less than 
two weeks prior to the flight we had a refresher at Spacehab because it was in Florida." 

As a mission drew towards its end, there was a sequence of steps to close down the 
Spacehab before the module was sealed for the re-entry and landing phase. “As far as the 
systems were concerned it was similar to the set-up,” Clervoy explains. “But there was one 
little complication which each returning crew didn't have at the beginning. At the end we 
care very much about the center of gravity of the Shuttle. All the things we returned from 
Mir had to be placed at a precise location, and the belts of their storage bag made very 
tight. For launch, the bags were packed on their various racks and their belts tightened by 
launch support people. In space, those guys aren't there. We have to do it. We have to pack 
the bags. We have to tighten the belts properly, with the proper tension. The bags are often 
full up, and it is not easy to manipulate the things that you fix into the holes in the foam of 
the packing. Marsha Ivins, who was the work guru in the Astronaut Office for everything 
dealing with crew equipment and storage, told us, *You will need gloves, otherwise you 
will damage the skin on your hands after putting in overtime. With the foam against the zip 
of the bags, against the material of the bag itself, eventually you will scratch your hands so 
many times that you may bleed. You will have scarring.’ That is why we took gloves simi- 
lar to those for playing squash or golf. Very skinny leather gloves permit you to rap your 
hand against the walls of the bag or the big zip and not get injured." 

As Clervoy remembers of STS-84, "I was taking some time [on a task], because I 
wanted to be perfect. At some point Charlie Precourt told me, * You know Billy-Bob, per- 
haps you need some time. I see it takes time for you. Maybe you want some help. Maybe 
you wait.’ I felt this was criticism that I was not performing. But Charlie was very nice. He 
was telling me really as a friend, as a close friend. But I had to tell him, ‘No, Charlie, I can 
do it, I can do it.' But finally I got some help to check all that stuff. Maybe he was worried 
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because I had very little sleep. Two hours after sleep time the night before, I wasn’t feeling 
so good so I took a tablet, a kind of sleep inducer, with a herb tea made by a friend that I'd 
brought with me. Within five minutes I had very big hallucinations. I was seeing lots of 
animals. This awakened Charlie in the cockpit. He was concerned about me because I was 
in a very bizarre state of consciousness. It was the medication. Eventually I fell asleep. 
Charlie was afraid that in the morning I'd still be suffering. But fortunately all was fine.” 

About the packing of Spacehab, Clervoy says, “We had to take care that the bags were 
tightened into the right locations. We just followed the instructions. The control center 
folks were the ones who knew about the procedures we had. They knew where everything 
was to go. We never had any issues with loading an object such as a worn, used, or spare 
part that was being returned from Mir to Earth. They decided where all those items were 
to be placed and we followed their instructions. We wouldn't assess the weight by our- 
selves, we'd always call the ground team." 

Another learning curve during Shuttle-Mir was moving logistics through hatches, 
around corners, and along cluttered passages. “It is very difficult,’ Clervoy says. “It’s like 
having two houses side by side and at different angles, and you want to exchange furni- 
ture." As a terrestrial example, Clervoy likened this task with replacing old worn out fur- 
niture of one house with new furniture from the second. But the old stuff could not just be 
tossed out. The job involved making a swap. “We had first to make room in the Spacehab, 
which was already packed with logistics, before we could start removing things from Mir. 
And that wasn't easy.” 

As a great deal of apparatus had been delivered to Mir over the years by a series of 
Progress freighters, the station had become very cluttered. A favorite storage area was the 
compartment at the end of Kristall. But an access path had to be cleared to enable the 
American Shuttle to dock there. And with a lot of cargo arriving in the Spacehab module, 
items on Mir had to be stored temporarily in other sites to make room for the new items. 
Then unwanted stuff had to be collected and transferred to Spacehab. The path was a suc- 
cession of narrow hatches and narrow tunnels with right-angled bends. And although 
objects in space possess no weight they retain their mass. So great care had to be taken 
when moving heavy items. 

As Clervoy says of the process, “Once you build up a pace it is okay, but it is not easy. 
We usually had one session in the evening each day that we were docked, and sometimes 
one in the morning also. We and the Mir Commander [Vasily Tsibliyev] agreed what things 
were to be moved into Mir from the Shuttle and what were to be moved into the Shuttle. We 
spent a lot of time preparing, to ensure that it would not become a mess. From the previous 
missions, we'd discovered that it could become a mess very fast. It had to be well organized. 
The priority items to be moved soon after docking were the Soyuz seat liner for Michael 
Foale to replace the seat liner for Jerry Linenger, then the new Elektron system." The latter 
was a cylindrical unit of 220 Ib (100 kg) to electrolyze water produced by the water recla- 
mation systems (mainly air moisture and urine) in order to release oxygen; the old unit had 
failed. “So that was a major piece of equipment that we transferred to Mir. All of the rest 
were small things that we carried across in bags. And of course there were water bags." 

With regard to training, Clervoy observes, “On the ground, we just fit-check using foam 
mock-ups to see whether they fit into a particular space or corner, but we didn't train that 
way much. The training was more focused on agreeing what we'd move, in what order, 
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and where we’d put it. Where is the equipment in the Shuttle that I have to move? Where 
in Mir should it go? What was the item to be moved before moving this piece of equip- 
ment? Then what was to follow on after this move? After all of this was worked out on 
paper, we’d discuss the best way to do it. We’d use the mock-up for the larger objects to 
figure out how to pass them through a hatch. How many people would be needed to guide 
it, and how would they be fixed in position. All this was addressed in the Crew Equipment 
Interface Test [CEIT]. This was training using the actual flight hardware. We went into 
Atlantis while it was horizontal in the OPF and into the actual Spacehab that was to inte- 
grated into the payload bay. We tested the locking bolts, the various switches, and the 
connectors. Any bags and items that we thought might need manipulation, we rehearsed 
passing through the hatches and tunnels. This gave us real hands on experience with actual 
flight hardware before the Shuttle went to the launch pad, and from this we gained more 
confidence from actually seeing and manipulating the hardware than we could have sim- 
ply by reviewing the paper procedures." 


The Spacehab double module being prepared for the STS-81 mission to Mir. 


Shuttle-Mir gave NASA confidence and much needed knowledge of how to move the 
vast amounts of logistics to and from the ISS utilizing the Shuttle and its various carriers. 
For their part, the Russians had long experience of logistical operations with the Salyut 
and Mir stations using the unmanned Progress vehicles, but with an overall typical pay- 
load of 5,512 Ib (2,500 kg) consisting of dry cargo plus propellants, gases, and water, this 
was nowhere close to the capacity of the Shuttle. The sheer volume of cargo that each 
docking crew would have to transfer was unprecedented. 
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NOTES 


1. In addition to the Spacehab module, another pressurized carrier was developed to resupply the 
ISS, and this Multi-Purpose Logistics Module (MPLM) is described in the companion title 
Assembling and Supplying the ISS: The Space Shuttle Fulfills Its Mission. 


2. AIS interview with J-F. Clervoy, December 9, 2015 
3. E-mail from Steve Hawley to AIS, March, 8, 2016 
4. Kavandi 2015 

5. Akers 2015 
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Getting Back 


When the Shuttle lands, everybody can take satisfaction that the 
mission has gone well, because many, many people have worked 
very, very long hours to pull that off. Right after you land, 

you feel great, wow, the mission’s over, it went well. 


Wendy Lawrence, MS STS-86 & STS-91, 
NASA Shuttle-Mir Oral History July 21, 1998 


With the objectives and tasks completed at Mir, it was time for the Shuttle crew to bid 
farewell to the station residents, perform the process to undock the Orbiter, and return to 
Earth. 

These activities were new to NASA, since prior to the STS-71 mission in 1995 no 
Orbiter had ever docked to a station. Although simulated, the undocking of a 100 ton craft 
was a new experience.” It was not merely the physical separation that had to be prepared, 
there were a whole sequence of activities associated with the ending of the docked phase 
of a mission. 


LEAVING 


Ceremony also played a role. From the start of the assembly process in 1998, Shuttle mis- 
sion patches were displayed on the walls of the ISS, first in the Unity Node and later in 
other modules located near the docking threshold. Signing the Station Log Book was a 
tradition that carried over from Mir to the ISS in order to record the comings and goings 
during the years.’ Other traditions and procedures were upheld as crews came and departed, 
especially the ringing of the Ship’s Bell. This arrived on STS-106 and in accordance with 
naval tradition was used to announce the arrivals and departures of other vehicles. It was 
usually sounded by an American member of the station crew. 


“STS-63 had approached Mir in February 1995 but not docked at the station. 
"Imagine what the ISS Log Book will fetch at auction one day! 
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The final farewells were always a combination of enthusiasm and sadness, with the 
Shuttle crew ready to return to Earth and the station crew sorry to see them leave, but prob- 
ably looking forward to getting back to their normal routine. Like a large family gathering 
for Christmas or Thanksgiving, it is always great to catch up with those you haven’t seen 
for a while and just as nice to resume quiet normality after the festivities. 


STS-89 MS and Russian cosmonaut Salizhan Sharipov (center) signs the Mir roster that 
recorded the visitors to the station over the years. This regular ceremonial activity normally 
took place in the core module of the station. Looking on are: [l-r] Andy Thomas (incoming 
Mir-24 CR with back to camera), Anatoli Solovyov (Mir-24 CDR), David Wolf (outgoing 


Mir-24 CR), Pavel Vinogradov (Mir-24 FE) Joe Edwards (STS-89 PLT partly obscured) and 
Bonnie Dunbar (STS-89 MS). 
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Wearing an Uzbeck cap Bonnie Dunbar holds the Shuttle-Mir roster and the STS-89/Mir-24 plaque. 
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Off to the Movies 


It was not always the festivities that were celebrated by the joint crews. Aboard Mir in 
particular, there was often time to enjoy the new experiences of joint space flights. 

As J-F. Clervoy recalls, *When the Russians [Mir-20 cosmonauts Vasily Tsibliyev and 
Alexandr Lazutkin] entered the cockpit of the Shuttle for the first time, they were like kids, 
feeling like they were in a bubble, especially after having been on the inside of Soyuz or 
Mir where you have only one small window here or there. In the Orbiter, with its ten win- 
dows, they were very excited. 

“Later I organized an international meal on board. It was very nice. We toasted each 
other with cognac. On the first day, we visited Mir and Vasily gave us a guided tour. I saw 
library of VHS tapes and said, ‘Oh, we can go to a movie theatre here.’ It was just a joke, 
but he said, ‘Anytime you want, often we try to organize a cinema session.’ So the last joint 
day, the day before the undocking, we were done with the mission in terms of resupply, 
and everything was fine, so I told my Shuttle colleagues, “Tonight, I’d like to go to the 
theatre.’ I wanted to see a movie before I came home. But they were closing down the 
Shuttle for the night because there was a big day ahead, undocking day. My Shuttle col- 
leagues went to bed but I wasn’t tired. I asked the Russian crew if we could watch a movie 
and they said that was possible. Sasha [Lazutkin] said, ‘Don’t move, l'll come back with 
a TV screen.’ So he floated of into Mir and came back with a cathode ray tube monitor. 
Then he again said, ‘Don’t move.’ He went into another module and brought a VHS player 
and connected that to the TV. The speakers of the monitor were broken. ‘We will use the 
intercom of Mir for the audio,’ he said, smiling. That we did. With Michael Foale, Sasha, 
and Vasily, I watched the movie Outbreak. All the others were asleep in the Shuttle.” 

The movie was dubbed into Russian, and as Clervoy notes, “The worst is when you 
have one voice because one single person does the voices of every person in the movie. 
There I was a bit lucky. For this film it was one female voice and one male voice. But it 
was just a linear monotone with no emotion. Fortunately it was subtitled in English and 
that was at least bearable."! 


Prior to closing the DM hatch the Mir-24 crew bids farewell to the departing STS-89 crew: 
[l-r] Andy Thomas (Mir-24 CR with camera), Pavel Vinogradov (Mir-24 FE wearing a com- 
munications headset), and Anatoly Solovyov (Mir-24 CDR holding the docking target). 
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Solovyov peeks through the hatch one last time before it is closed. The docking target is now 
in place. 


UNDOCKING THE SHUTTLE 


The procedure for undocking an Orbiter from a space station started by closing the internal 
hatches between the two vehicles. Then the docking lights and TV cameras would be 
switched on and the vestibule airlock depressurized while leak tests were performed. The 
docking system would then be powered up in order to perform the uncoupling. Because 
the APAS circuit incorporated inhibitors designed to prevent accidental undocking, spe- 
cific button pushes were required to initiate the operation. These initial actions enabled the 
Undocking Open Hooks and Open Latches buttons, and in normal circumstances the 
actual undocking simply required the Undocking button to be depressed. The hooks would 
then be commanded to open. Once these released, four spring plungers which were com- 
pressed between the mating surfaces would imparted a small force of 700 Ib (317.8 kg) to 
gently push the vehicles apart. 

As soon as the separation burns had been complete, the docking system would be pow- 
ered off and deactivated. 

In the case of a contingency, the procedure would assume that the Orbiter hooks had 
“failed closed” during an earlier undocking attempt. This situation would have required 
using the pyro system to initiate separation. If the failed hooks were on the station side, the 
pyro system for the passive hooks on the Shuttle side would be used to achieve the desired 
separation. There was a contingency plan for if the pyro bolts failed to fire, but this would 
have required making a contingency EVA with the astronauts removing the 96 bolts that 
attached the airlock to the docking system. 
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Shannon Lucid, now a member of the departing STS-79 crew, takes a final look at the receding 
Mir space station that had been her home for the previous six months. 


The undocking was usually done by the PLT to give them hands-on experience of 
controlling the Orbiter in the subsequent maneuvering. Any fly-around maneuvers at Mir 
were initiated only if sufficient propellant remained available. This phase of the mission 
helped to prepare a PLT for a future assignment as CDR, during which they would be 
responsible for docking with the station. 

As each Orbiter withdrew, the thrusters were inhibited from firing in such close proximity 
to station elements, such as the solar panels. At 2 ft (0.6 m) the jets were activated in a 
procedure that was essentially the reverse the sequence employed for docking. When the 
Orbiter was at a safe stand-off separation, it would either depart immediately or undertake 
a fly-around maneuver prior to departing. 

Each undocking at Mir was normally made in time to allow the resident crew to prepare to 
receive further visitors on the next Soyuz or Shuttle, or cargo on the next unmanned freighter. 


Fly-Around Maneuver 


To execute a station fly-around, the Shuttle’s attitude control jets were set into Low Z 
mode and the PLT, working on the aft flight deck, would return the Orbiter to a point 450 
ft (137.16 m) from Mir. The fly-around was started from a point that was directly behind 
the station, and then the Orbiter was maneuvered underneath it before circling out around 
the top. Depending upon fuel reserves, there might be more than one such circuit. 

A fly-around was an opportunity to document the station. Together with comments by 
the Shuttle crew, such pictures recorded the condition of the exterior surfaces of the sta- 
tion. For Mir, these updates came between nine and twelve years into its orbital life, but 
for the ISS they would run from the start of the program and on through the next thirteen 
years until the Shuttle was retired from service. At the end of the fly-around, the PLT 
would perform the final separation burn to place the departing Orbiter on a path that passed 
about 0.5 miles (0.80 km) behind and 1.5 miles (2.41 km) below the station prior to mov- 
ing ahead and gradually opening the range. 
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Undocking from Mir 


In 2015 J-F. Clervoy recalled of STS-84 undocking from Mir, eighteen years earlier, “I 
was the lead for the docking system and for the rendezvous. The undocking procedures 
required me to report when the docking ring was free. I don’t recall the exact wording, but 
once the hooks released, Eileen [Collins, PLT] used that call from me to initiate the slight 
push-away action. I immediately retrieved my rendezvous aid, which was a laser gun simi- 
lar to the one that police forces around the world use for speed checks. It was a hand-held 
laser for range and range-rate. I had used it already on my first mission, STS-66, so using 
this hand-held laser was the only thing I did after the undocking to confirm to Eileen the 
range-rate. She had no requirement to maintain the cross-hairs centrally. I was simply to 
keep her informed about the laser data for comparison with her own data from the radar 
and from the ground.'? 

Of his training for Mir, Clervoy notes, “The one spectacular contingency for which Ed 
Lu and I were trained was to unscrew the 96 bolts of the docking system if we were unable 
to open the hooks utilizing the controls on the aft flight deck. We had a Russian docking 
system control panel and I was lead for managing the docking and undocking. At a specific 
point in the undocking sequence, we commanded the hooks to open to free Atlantis to fly 
away from Mir. If the hooks had failed to open, then we would have gone out and unscrewed 
the 96 bolts. As the Space Shuttle did not have any solar panels, we were very limited in 
the electricity available for the whole mission, and couldn’t afford to remain too long in 
space. We trained to do this with the power grip tool and we were quite fortunate in that 
our training was at an interesting time for EVA training. Ed and I did the very last training 
session in the old EVA facility, the WETF [in Houston]. We were the very last crew to train 
for EVA there. We were also supposed to be the first to train in the NBL at the new Sonny 
Carter Training Facility but our training session was moved by one day, so the STS-82 
crew, training for Hubble, did the first run and Ed Lu and I completed the second run.” 

Asked for this book whether there was a particular sequence to undoing the bolts to 
ensure that the combined spacecraft did not pivot, straining the remaining connections, 
Clervoy said that he and Lu would unscrew the bolts on opposite sides of the system at the 
same time. With the docking system attached to the station but the spacecraft free, this 
contingency action would have ruled out any future dockings until the piece of hardware 
that remained attached to the station’s docking port could be removed by spacewalking 
residents; if indeed that was possible. 


Those Precious Final Orbits 


During the final days on-orbit, the Shuttle crew resumed the normal operations that were 
a feature of every return. Configuring the vehicle for landing took several hours and 
included stowing all unpacked equipment as well setting up mid-deck and flight deck 
Mission Specialist seating. 

A number of small mid-deck experiments and science investigations were usually con- 
ducted on the Orbiter, independent of the transfers to and from the station. There were also 
a large number of DTOs and DSOs on each mission pursuing research in a variety of 
fields. One example of this research into hardware and procedures for later missions was 
carried out by STS-66 in November 1994 under DTO 680: Recumbent Seat Systems 
Assembly. 
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One of the favorite occupations in the final days of a mission was to look out of the windows 
at the Earth passing below, as occurs here with STS-84 MS J-F. Clervoy. (Courtesy J-F. Clervoy) 


RECUMBENT SEATING 


When station residents were retrieved by Shuttles, they returned to Earth on the mid-deck 
lying prone on special Recumbent Seat Systems Assemblies (RSSA) which kept the head and 
torso of the astronaut parallel to the floor and their feet raised and placed in a vacant mid-deck 
locker location. The seat was initially developed for residents of Space Station Freedom, but 
was assigned to the Shuttle-Mir program and carried over to residents returning from the ISS. 
The basic research for the recumbent seat was conducted by the Anthropometry and 
Biomechanics Laboratory (ABL) at JSC. The laboratory was responsible for a variety of 
multi-disciplinary studies to maximize the Intravehicular (IVA) and Extravehicular (EVA) 
capabilities of astronauts and to provide the most effective work conditions for human 
space flight and exploration missions.‘ The seat had to meet the requirements of a fifth 
percentile Japanese female and a ninety-fifth percentile American male crewmember.” 
The seat was evaluated in tests at JSC with the subjects initially in shirtsleeves, then 
wearing an unpressurized launch and entry suit, and finally a pressurized suit. Each had to 
meet the design constraints of an estimated minimum seat back length and the 55 in (139.7 
cm) distance between the base of the internal airlock and the mid-deck lockers. The spinal 
elongation that occurs during long periods in weightlessness had also to be taken into 


“A percentile is a statistical measurement where a variable for a population is divided into 100 
groups with equal frequency. Hence the 90th percentile is the value of a variable such that 90% of 
the relevant population is below that value. In this case, NASA included information about the 
human body, its size, posture, movement, surface area, volume, and mass. According to NASA Man- 
Systems Integration Standards Volume 1, Section 3, Anthropometry and Biomechanics, Revision B, 
July 1995, NASA STD-3001, these measurements are “limited to the range of personnel considered 
to be the most likely to be space module crewmembers or visiting personal." Assumptions were 
made that the candidates would be in a good state of health, an average age of forty years, come from 
wide ethnic and racial backgrounds, and be either male or female. In this case the data reflected an 
example of a smaller frame female Japanese and a larger frame American male crewmember. 
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account. Data extrapolated from these tests was used to expand the existing Man-Systems 
Integration Standards (MSIS) NASA-STD-3000 anthropometric factors database.° 

Ten designs of recumbent seating were studied. In the evaluations every male test sub- 
ject reported discomfort, with pressure in the legs, on the knees, and in the lower extremi- 
ties. Under pressure, both the male and female subjects reported difficulty in keeping their 
arms and knees together inside the width of the chair. After 30 min, the subjects were 
asked to estimate how long they thought they could stay in the reclined position, with most 
answering that they would be very uncomfortable after an hour or so in normal gravity 
conditions. The initial concept had a foot and heel plate but in the final system the astro- 
naut was allowed to insert their feet into a vacant mid-deck locker space, moving them 
forward away from the airlock bulkhead and helping considerably with comfort. 


Recumbent seating was tested on-orbit by STS-66 in 1994 as DTO 680. MS J-F. Clervoy 
conducts a fit check with the seating on the mid-deck of Atlantis (top). The system is demon- 
strated here in 1996 by Shannon Lucid for her return from Mir aboard STS-79, assisted by 
CDR Bill Readdy (bottom). 
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The DTO 680 of STS-66 was the flight test of the system intended for STS-71, the first 
Mir docking mission which was to retrieve a three-person crew, including NASA astronaut 
Norman Thagard.$ As an MS on STS-66, J-F. Clervoy was to evaluate the procedure for 
setting up and stripping down the prototype recumbent seat. Asked how easy or difficult 
the seat was to install on the mid-deck floor in space relative to doing so in training he said, 
“It was very easy on the ground. It was straightforward to attach using special bushings 
and bolts and we could attach the recumbent seat to the fixtures that are usually used for 
the mid-deck seats for the Mission Specialists. But in flight it happened to be quite diffi- 
cult, probably because the structure of the vehicle had moved due to the pressure on the 
inside of the cabin. Attempting to align all the bushings and bolts of the recumbent seat at 
the attachment points on the floor took much more time and a lot of force than I had 
expected. Because of the g-forces encountered during re-entry, we wanted all the attach- 
ment points to be well fixed on the floor. So, yes, there was some difficulty. On any mis- 
sion, the number one difficulty in construction work was always mechanical in nature... 
In space, any piece of structure is deformed by a combination of thermal, vacuum, and 
pressure forces, and that can cause problems." 

By the time of his interview for this book, Clervoy could not recall what (if any) 
changes were made to the recumbent seat for its use by STS-79 to retrieve Shannon Lucid 
from Mir, but one clear lesson was the need for precision. ^We had to position the seat 
with the right orientation at the right place for all of the fittings to fit straight away [despite] 
the deformation of the floor." In operational terms the seat worked very well, and Clervoy 
had the opportunity to see it in action on STS-84, when Jerry Linenger returned on Atlantis 
after handing over the Mir assignment to Mike Foale. 


Landing Day Minus One 


While activities continued on the mid-deck, the flight deck crew would complete a sys- 
tems check, including the Orbiter control surfaces and, if necessary, firing of the 
RCS. During the final full day on-orbit, the crew normally received weather advice about 
primary, secondary and contingency landing sites across the globe and would usually con- 
duct press conferences with the media and take calls from their families as the end of the 
mission approached. 

At least half of the final full day on-orbit was spent off duty, resting after a busy and 
often challenging mission. The schedule was deliberately made light, and as long as the 
crew were ahead of schedule and the ship was ready to perform re-entry, the astronauts 
tended to do what all space explorers enjoy most, which is to look at the Earth passing by. 
If the landing on the primary day was waved off, the crew would undo the re-entry prepa- 
rations, known as De-Orbit Backout, and prepare to spend another night in space by open- 
ing the payload bay doors and activating the thermal radiators. This would also be a great 
opportunity to enjoy the fun of weightlessness. 

The Shuttle always carried a contingency of supplies to accommodate delays to the 
landing but when the time finally came, the crew compartment was again prepared for re- 
entry, the seats were installed, and the crewmembers donned their launch and entry suits 
and strapped in for the de-orbit burn that would start the long descent. 
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COMING HOME 


The end of a Shuttle mission was also the start of preparations for the next flight of that 
Orbiter when it returned to the Kennedy Space Center. Coming home on schedule was 
essential to maintaining the processing sequence for subsequent missions and a planned 
flow of hardware at the Cape. Landing at the primary runway at the Cape was preferred but 
landing elsewhere, usually Edwards Air Force Base in the High Desert of California and 
once at White Sands in New Mexico, would mean a costly ferry flight to return the Orbiter 
to the Cape atop the converted Boeing 747 Shuttle Carrier Aircraft (SCA), often in several 
stages owing to the changeable weather patterns across the continental United States. 


Table 10.1 Shuttle-Mir Shuttle Carrier Aircraft (SCA) Ferry Flight 
STS-76 Atlantis 


1996 

March 

31 Landed EAFB 

April 

5 Rain and thunderstorms moving thru eastern US could cause delay to SCA ferry flight 
Cost of landing diverted to west coast estimated at $1 million 

6 Five minutes after take-off SAC with Atlantis on back developed small engine fire 
forced to return to Edwards. Piloted by former astronaut Gordon Fullerton; landed 
without incident 

11 Departed EAFB 

12 Returned KSC 


Intense concentration on the face of MS J-F. Clervoy shortly prior to STS-84 re-entry. 
(Courtesy J-F. Clervoy) 


202 Getting Back 


In part due to safely concerns, but also to provide hands-on flight experience to the 
astronauts, Shuttles returning from the early missions landed at Edwards AFB. In fact, this 
base was first used in 1977 by the Approach and Landing Tests in which OV-101 Enterprise 
was released at altitude from the back of the Shuttle Carrier Aircraft. From 1981, eight of 
the first nine operational landings were made there. The other landing was at White Sands, 
when Edwards was closed due to weather.” The first landing at the specially constructed 
Shuttle Landing Facility (SLF) at the Kennedy Space Center was by STS-41B in February 
1984 and subsequently the SLF alternated with Edwards, depending upon mission require- 
ments and predicted weather for landing at these sites. 

KSC remained the primary recovery site for cost and processing reasons. Following the 
1986 Challenger accident, the 1988 Return-to-Flight mission landed at Edwards. It was 
August 1991 before a Shuttle again landed in Florida. For the Return-to-Flight in the wake of 
the 2003 loss of Columbia, STS-114 landed at Edwards owing to the poor weather in Florida. 
For the remainder of the program KSC and Edwards were the only planned landing sites, with 
weather conditions being the principal factor in deciding to divert away from KSC. 

In addition, there were contingency or abort landing locations across the globe but none 
of these was ever called upon during the Shuttle program. 


Shuttle Landing Facility, KSC, Florida: The 15,000 ft (4,572 m) long runway of the 
Shuttle Landing Facility (SLF) at the Kennedy Space Center functioned as the primary 
landing site from 1984 through to the end of the program in 2011. Work started in April 
1974 and was finished in late 1976, creating one of the longest runways in the world. 
It had an additional 1,000 ft (304.8 m) overrun at each end and there was a 50ft (15.24 m) 
asphalt shoulder along either side of the 300 ft (91.44 m) wide, 21 in (53.34 cm) thick 
concrete strip. The runway was effectively two in one because, by being oriented on a 
northwest to southeast axis, it could readily be approached from either end. In terms of 
standard aviation nomenclature, if the Shuttle approached from the northwest it would 
be Runway 15 and from the southeast it would be Runway 33. Some 2,500 ft (762 m) 
from each end, pairs of large black rectangles indicated the touchdown position to the 
Shuttle Commander. The runway ends were originally grooved, but this was found to 
inflict excessive wear on the Orbiter tires and so in 1984 the ends were resurfaced. 
A decade later, the entire runway was abraded to a smoother surface in order to further 
reduce wear on the tires. Regular maintenance, upgrades, and improvements over the 
years ensured that the Shuttle Landing Facility contributed to the prompt turnaround 
required at the end of a mission. 

The SLF also served as the landing and take-off location for all Orbiters on their flights 
atop the SCA to and from the Rockwell plant in Palmdale, California, where they received 
upgrades. It also served as the Return-to-Launch-Site abort runway on each Shuttle launch, 
although fortunately it was never used operationally for this purpose. 


"STS-3 returned to the Northrup Strip at White Sands, New Mexico, in March 1982 because the 
planned landing site at Edwards was waterlogged. 
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Atlantis lands at the SLF in Florida to conclude the STS-84 mission. The landing is accompa- 
nied by the Shuttle Training Aircraft flown by Kenneth Cockrell, the Acting Deputy Chief of 
the Astronaut Office. 


Supporting the SLF was the Landing Aids Control Building (LACB) that was built 
between April 1975 and October 1976 to house flight operations equipment. This was 
primarily involved with monitoring and executing the Shuttle’s safe return from orbit, but 
it also served as the main organizational point for the Crew Transportation Vehicle (CTV) 
that retrieved the crew from the Orbiter after landing. Additionally, the LACB operated the 
Strong Back Device (SBD) that relocated an Orbiter from the SLF to the Orbiter Processing 
Facility, coordinated the training sessions on the Shuttle Training Aircraft (STA), and 
managed the ferrying of the Orbiter by SCA. Another important component of the SLF 
was the Mate-Demate Device (MDD). This was completed in June 1978 and provided the 
support structure for mating an Orbiter on the SCA or the opposite action of demating. 
Measuring 105 ft (32 m) long, 93 ft (28.34 m) wide, and 105 ft (32 m) high, this open steel 
frame featured a sling back which lifted the Orbiter on three 50 ton hoists. Access to the 
Orbiter was available during operations at the six deck levels of the frame and using two 
sets of movable platforms. 


Runway 22 Edwards Air Force Base, California: Right from the beginning of the Shuttle 
program, the facilities at Edwards Air Force Base had a key role in supporting planned, 
diverted, and contingency landings. Towards the end of the program, by then over fifty 
years since it was built, the main runway was in need of repair. In June 2007, after a decade 
of planning, a $118 million project by the US Army Corps of Engineers got underway to 
build a 12,000 ft (3,657.6 m) temporary runway for general use while the existing 15,000 
ft (4,572 m) long 19 in (48.2 cm) thick Runway 22 was resurfaced. This was finished in 
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An STS-91 post-landing scene. MS Franklin Chang-Diaz, out of his seat, sits on the edge of 
Discovery’s mid-deck hatch awaiting the ground teams. In the foreground is returning Mir-25 
crewmember Andy Thomas, still in the Recumbent Seat Assembly as he readjusts to the 
forces of Earth’s gravity after spending six months on Mir. 
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STS-84 crewmembers [l-r] MS Carolos Noriega, CDR Charles Precourt and MS Jean- 
Francois Clervoy examine the tires of Atlantis following their landing at the end of their 
mission to Mir. 


Watched by member of his crew, STS-91 CDR Charles Precourt presents an American flag, a 
special wrench, and an optical disk to NASA Administrator Daniel S. Goldin following the 
landing of Discovery in Florida on June 12, 1998, completing the Shuttle-Mir program. The 
flag had been aboard Mir since the beginning of the program, the wrench from Mir and would 
be taken to the ISS, and the optical disk included data recorded on Mir. 
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September 2009, four months ahead of schedule. A Shuttle which approached from the 
northeast would land either on Runway 22, designated 22L (left), or the temporary strip 
designated 22R (right). When approaching from the southwest it would use Runway 4L 
(the former temporary Runway 4) or 4R (the former Runway 4). 


Shuttle-Mir landings: Including the STS-60 and STS-63 joint US-Russian missions, ten 
Shuttle-Mir missions landed at KSC. The exception was STS-76, which diverted to 
Edwards after landing opportunities on two consecutive days were waved off because of 
the weather at KSC. It was the first Shuttle to be diverted since STS-67 the previous year. 


Table 10.2 Shuttle-Mir End Of Mission Landing Summary 
(including STS-60 & STS-63) 


Flight Orbiter Date Runway 
KSC Shuttle Landing Facility 

STS-60 Discovery 1984 Feb 11 15 
STS-63 Discovery 1995 Feb 11 15 
STS-71 Atlantis 1995 Jul 7 15 
STS-74 Atlantis 1995 Nov 20 33 
STS-79 Atlantis 1996 Sep 28 15 
STS-81 Atlantis 1997 Jan 22 33 
STS-84 Atlantis 1997 May 24 33 
STS-86 Atlantis 1997 Oct 6 15 
STS-89 Endeavour 1998 Jan 31 15 
STS-91 Discovery 1998 Jun 12 33 
Edwards (Diverted) Landings 

STS-76 Atlantis 1996 Mar 31 22 


When Atlantis landed at Edwards on March 31, 1996, it was hoped that the Orbiter 
would be returned to Florida quickly, but bad weather and technical hurdles prevented 
that. This was the first demonstration of the potential impact of a diverted landing on the 
already tight schedule for ISS assembly missions that were in planning. With only three of 
the four Orbiters available for ISS assembly and logistics missions, it would become a 
major challenge to minimize disruption to the flow of the missions." 

The return to KSC began on April 5, with the first issue being to steer clear of the devel- 
oping rain and thunderstorm front that was crossing the eastern United States. It had been 
a year since the previous landing at Edwards and Atlantis was assigned to fly the next Mir 
mission, STS-79, therefore the immediate focus was, according to KSC spokesman George 
Diller, “To try and get as far [across the continent] as they can.” On April 6 the weather 
improved and the SCA took off, but 5 min later it developed engine trouble. The Pilot — on 
this occasion former astronaut Gordon Fullerton — landed back at Edwards without inci- 
dent. Initial inspection suggested internal damage to one of the Boeing's engines. It was 
estimated that the necessary repairs would delay the Orbiter's return to Florida by a further 


"Columbia would have required a major refit in order to take participate in ISS assembly missions. 
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The SCA ferry flight returns Atlantis to KSC following the STS-79 mission. (Courtesy 
SpaceFacts.de) 


two weeks. Detailed examination of the engine revealed that, rather than the faulty warn- 
ing light that the engineers had originally suspected, a small fire had burned the wiring 
around one of the four engines. It was decided to swap the engine with one from the other 
carrier aircraft (905). Commenting on the delay, Jim Hazleton, the transfer scheduler at 
KSC, said, “We are probably going to have to work at least six days a week, if not seven, 
for a while to get back on track.” The repair work delayed the return of Atlantis to the Cape 
by six days. It departed on April 11, made an overnight stop at Fort Worth Naval Air 
Station in Texas, and landed safely at the SLF on April 12. Atlantis was demated, then 
towed to OPF Bay 1 later the same day. KSC Spokesman Bruce Buckingham commented, 
*We'll be working some extra weekends, which will result in some extra overtime, but the 
schedule will remain essentially the same and we'll keep much the same launch date." 
Other hardware delays would soon change this, however. 


SUMMARY 


Despite several postponements, delay, and scrubs in launching Shuttle-Mir missions, STS- 
76 became the only one not to land at KSC. The time saved by not ferrying the Orbiters to 
Florida from California was advantageous in preparing them for the next mission to the 
Russian space station. Allocating a single Orbiter to the majority of the Shuttle-Mir mis- 
sions allowed the ground teams to focus their attention on that vehicle for the next flight to 
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the station, enabling the remaining three Orbiters to undertake a range of other missions." 
Fortunately, the problems with the wiring and main engines of the Orbiter fleet in 1999 
came after the end of Shuttle-Mir operations but, together with other issues, caused havoc 
with the early ISS assembly missions. 
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BUD 


"The ‘Near-Mir’ mission was flown by Discovery. All the Mir docking missions were flown by 
Atlantis apart from the final two, which were flown by Endeavour and Discovery respectively. 


Closing Comments 


The concept of a Shuttle supporting the assembly of a space station was not an entirely 
new idea when Space Station Freedom was authorized in 1984. Such concepts had been 
evaluated during the late 1960s, as the United States and the Soviet Union competed in the 
race to the Moon. By the early 1970s, the two nations were on more friendly terms and 
keen to participate in a joint project as Apollo was being phased out and a series of Salyut 
space stations were being introduced. The American proposal for an Apollo to dock with 
a Salyut was rejected, as was a proposal to have a Soyuz dock with Skylab. So Apollo 
docked with Soyuz in the summer of 1975. 

That program was so successful that talks began almost immediately to assess the pros- 
pects for a Shuttle-Salyut docking in the early 1980s. In parallel, NASA devised plans for 
the Shuttle to reactivate Skylab. Neither of these proposals bore fruit. By the early 1980s, 
the idea of using a Shuttle to assemble and resupply a large space station remained, and 
would become the lynchpin of the Space Station Freedom before plans for that, too, were 
revised. By the time of the collapse of the Soviet Union in 1991 the assembly of Mir had 
been underway for several years. But Russia, which inherited the station and the spacecraft 
which serviced it, was hard pressed to continue the requisite funding. 

Looking back two decades to the 1990s, the merger of the American Shuttle and the 
Russian space station programs seems so logical, since they complemented each other. 
From that cooperation emerged the Shuttle-Mir program which served as the precursor to 
the assembly of the International Space Station. But in the 1970s any suggestion of astro- 
nauts and cosmonauts working together in over fifty expeditions to two different space 
stations, Mir and the ISS, would have raised eyebrows. It was the Shuttle which served as 
the cornerstone, providing the capability to attain the goal of a continuously crewed inter- 
national research facility in Earth orbit. 
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Unity — International Space Station Begins | 


«er 


Endeavour stands on the pad ready to begin the assembly of the International Space Station, 
a task that would draw upon three decades of planning and development of the technologies 
required to assembly and supply a space station. 


With hindsight it was perhaps also fortuitous that the Americans did not go straight into 
space station assembly for the Freedom program without the experience of flying Shuttle to 
Mir first. True there was little high-profile work completed with the RMS or on EVA at the 
Russian station, but there was a lot more which laid the groundwork for a smoother transi- 
tion to the ISS than would likely have been possible without the Mir docking missions. 

Clearly standing out above everything else was the ability of the crews to put into prac- 
tice actual rendezvous, docking, undocking, and proximity operations around the station. 
There was also the less glamorous matter of logistical transfer to and from an already 
overcrowded and aging station. Learning to work with the Russian (as distinct from the 
Soviets with ASTP and Shuttle-Salyut talks) and their very different systems and 
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procedures, ideology, and approach was particularly useful, and a clear insight of what 
could be expected during assembly of the ISS. Important data was also obtained on the 
mechanics of having a Shuttle remain docked to a large object for several days, well in 
advance of embarking on the assembly of the ISS. 


Six months after the conclusion of the Shuttle-Mir program, STS-88, the first Shuttle mission to 
assemble the ISS was to link the first two elements of that station on-orbit (shown here in a 
computer graphic), marking the start of what would prove to be a thirteen year construction task. 


The Shuttle mission to Mir proved the long held view that the Space Shuttle system was 
compatible with a station in space. By the time of the final mission in June 1998, another 
Shuttle was being prepared to launch to kick off a far more ambitious project. After 
decades of planning, testing, proposing, debating, and rehearsing, it was finally time to 
apply all the lessons with one of the largest international construction projects yet 
attempted — the International Space Station. That story is related in the companion volume 
Assembling and Supplying the ISS: The Space Shuttle Fulfills Its Mission. 


Afterword 


Having learned the Russian language, trained in Star City and in Houston, and then flown 
on board Atlantis for the sixth Shuttle-Mir docking mission, I gained a good perspective 
on how two human spacefaring nations could learn from each other in a joint program. The 
Shuttle-Mir missions, also known as Phase-I of the ISS program, proved extremely valu- 
able to all parties. NASA learned about long-duration missions and how to resupply a 
space station and contribute to its assembly. And the Russians learned how to cooperate 
with the Americans on the operational and human aspects. Also, when funds were missing 
in Moscow, the US financial contribution helped to keep Mir alive until the ISS became 
permanently manned. 

Once this Shuttle-Mir cooperation was well established, it just happened that the three 
types of worst life threatening, space emergencies occurred (fire, atmosphere toxicity, and 
air leak) within a period of a few months. The Russians demonstrated repeatedly their abil- 
ity to manage successfully such situations, while the Americans showed their capability to 
maintain full trust in their new partners, even though US astronauts were on Mir during 
those emergencies. Without the vision, the leadership, and ultimately the success of this 
program, it is evident that the ISS would have not survived the Columbia accident in 2003, 
since there would have been no spaceships available to maintain its operations. This would 
have been catastrophic also for the programs of the other international partners. 

The Europeans, under their ESA umbrella, benefited well from the Shuttle-Mir pro- 
gram. They participated simultaneously through both the docking missions and several 
independent missions on board Mir, flying payloads and testing rendezvous technologies. 
As a result of this involvement with Mir, ESA was well prepared to exploit the Columbus 
laboratory of the ISS and to operate the ATV resupply vessel. 
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ESA astronaut Jean-Francois Clervoy. (Courtesy J-F. Clervoy) 


Looking back at Shuttle-Mir, one can easily comprehend how the lessons learned have 
been applied to more than fifteen years of continuous successful exploitation of the ISS by 
more than fifteen partner nations. 

As an astronaut, like many of my space flyer colleagues, I can only hope that this suc- 
cess will open the door to cooperation with the Chinese, before the ISS has to be disman- 
tled. We would then be allowed to talk about a truly worldwide, and not just international 
cooperation, in pursuing humankind’s destiny in space and increasing wisdom on Earth. 


Jean-Frangois Clervoy 

ESA Astronaut Class of 1992 

(CNES astronaut 1985-1992) 

Mission Specialist 3, STS-66, Atlantis (ATLAS 3) 

Mission Specialist 1, STS-84, Atlantis-Mir (sixth docking) 

Mission Specialist 2, STS-103, Discovery (HST service mission SM-3A) 


Abbreviations 


AAP 
AFB 
ALT 
APAS 
APU 
ASTP 
ASVS 
BUp 
Capcom 
CB 
CDR 
CDR 
CEIT 
CG 
CM 
CMG 
CNES 
COAS 
CR 
CSA 
CSM 
CTB 
DAP 
DM 
DOR 
DSO 
DTO 
EAFB 


Apollo Applications Program 

Air Force Base 

Approach and Landing Tests 

Androgynous Peripheral Attachment System 
Auxiliary Power Unit 

Apollo Soyuz Test Project 

Advanced Space Vision System 

Back-Up (astronaut) 

Capsule Communicator 

Astronaut Office, NASA JSC (CB = Directorate Mail Code) 
Commander 

Critical Design Review 

Crew Equipment Interface Test 

Center of Gravity 

Command Module (Apollo) 

Control Moment Gyro 

Centre National d'Etudes Spatiales (French National Space Agency) 
Crew Optical Alignment Sight 

Cosmonaut Researcher (on Mir) 

Canadian Space Agency 

Command and Service Module (Apollo) 
Crew Transfer Bag 

Digital Auto Pilot 

Docking Module 

Director of Operations in Russia 

Detailed Supplementary Objective 

Detailed Test Objective 

Edwards Air Force Base 
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EMTT 
EMU 
EO-XX 
ESA 
ESRO 
ET 
EVA 
FCR 
FD 

FE 
FGB 
FY 
GAS 
GSFC 
HB 
H-Bar 
HHL 
HST 
HTV 
IFA 
IFM 
IMU 
ISS 
IVA 
JSC 
JWG 
KSC 
LB 
LCC 
LDEF 
LES 
LM 
Low Z 
LSEAT 
LSSP 
LVLH 
MCC-M 
MCC-H 
MEEP 
MEIT 
MER 
MIT 
MLP 
MMT 
MMU 


Abbreviations 


EVA Maintenance Task Team (Freedom) 

Extravehicular Mobility Unit 

Space station main expedition crew (Ekspeditsiya Osnovnaya) 
European Space Agency 

European Space Research Organization 

External Tank 

Extra Vehicular Activity (spacewalking) 

Flight Control Room 

Flight Director (‘Flight’) 

Flight Engineer 

Funktsionalno-Gruzovoy Blok (Functional Cargo Block) 
Financial Year (Fiscal) 

Get Away Special 


(Robert F.) Goddard Space Flight Center (NASA, Greenbelt, Maryland) 


High Bay 

Horizontal Bar (rendezvous mode) 
Hand-Held Laser 

Hubble Space Telescope 

H-II Transfer Vehicle (Japanese) 
In-Flight Anomaly 

In-Flight Maintenance 

Inertial Measurement Unit 
International Space Station 

Intra Vehicular Activity 

(Lyndon B.) Johnston Space Center (NASA, Houston, Texas) 
Joint Working Group 

(John F.) Kennedy Space Center (NASA, Florida) 
Low Bay 

Launch Control Center 

Long Duration Exposure Facility 
Launch and Entry Suit 

Lunar Module (Apollo) 

Rendezvous approach mode 

Launch Systems Evaluation Advisory Team 
Launch Site Support Plan 

Local Vertical Local Horizontal 
Mission Control Center in Moscow 
Mission Control Center in Houston 
Mir Environmental Effects Payloads 
Multi-Element Integration Testing 
Mission Evaluation Room 
Massachusetts Institute of Technology 
Mobile Launch Platform 

Mission Management Team 

Manned Maneuvering Unit 
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216 Abbreviations 


MOD 
MOL 
MPS 
MRM 
MS 
MSC 
MSFC 
NASA 
NC-burn 
NIH 
NSC 
O&C 
ODS 
OFT 
O&M 
OMB 
OMDP 
OMP 
OMRF 
OMRSD 
OMS 
OPCU 
OPF 
ORBT 
OV 
PASDE 
PCT 
PDR 
PFR 


Mission Operations Director 

Manned Orbiting Laboratory 

Main Propulsion System (STS) 

Mini Research Module 

Mission Specialist 

Manned Spacecraft Center (NASA, Houston, Texas) 

(George C.) Marshall Space Flight Center (NASA, Huntsville, Alabama) 
National Aeronautics and Space Administration 

Nominal Corrective burn 

Nickel-Hydrogen 

National Security Council 

Operations and Checkout 

Orbiter Docking System 

Orbital Flight Test 

Operations and Maintenance 

Office of Management and Budget 

Orbiter Maintenance Down Period 

Operational Maintenance and Inspection Program 

Orbiter Maintenance and Refurbishment Facility 

Operations and Maintenance Requirements and Specifications Document 
Orbital Maneuvering System 

Orbiter Power Conversion Unit (Freedom which became the SSPTS for the ISS) 
Orbiter Processing Facility (KSC, Florida) 

Optimized R-Bar Target Rendezvous 

Orbital Vehicle (Space Shuttle) 

Photogrammetric Appendage Structure Dynamics Experiment 
Post Contact Thrusting 

Payload Deployment and Retrieval 

Portable Foot Restraint 

Payload Ground Handling Mechanism 

Pilot 

Position Orientation Hold Selection (RMS software, pronounced ‘Posh’) 
Personal Preference Kit 

Research and Application Module (forerunner of Spacelab) 
Rendezvous approach mode 

Reaction Control System 

Risk Mitigation Experiment 

Remote Manipulator System (Canadarm, Space Shuttle) 
Remotely Operated Electrical Umbilical (Freedom) 

R-Bar Pitch Manoeuver 

Rendezvous and Proximity Operations Program 

Russian Space Agency 

Recumbent Seat System Assembly 

Simplified Aid For EVA Rescue 

Shuttle Avionics Integration Laboratory 


SAVE 
SCA 
S-IVB 
SLF 
SM 
SMS 
SNIP 
SNOOPy 
SPAS 
SPORTS 
SRB 
SSF 
SSME 
SSMEPF 
SSPP 
SSPSG 
STG 
SSTG 
STA 
STS 
TACAN 
TAL 
TCS 
TI 

™ 
TPS 
TsPK 
UBA 
UHF 
US 
USAF 
USMC 
USN 
USSR 
V axis 
VAB 
V-Bar 
VHF 
VR 
WAD 
WETF 
X axis 
Y axis 
Z axis 
Z-Bar 


Abbreviations 


Structural Assembly Verification Experiment 

Shuttle Carrier Aircraft (Boeing 747) 

Saturn IB second, Saturn V third stage (Apollo) 
Shuttle Landing Facility (KSC, Florida) 

Service Module (Apollo) 

Shuttle Mission Simulator 

Shuttle Nose In Plane 

Shuttle Nose Out Of Plane 

Shuttle Pallet Applications Satellite (free-flyer) 
Spacecraft Proximity Operations Real-Time Simulator 
Solid Rocket Booster (STS) 

Space Station Freedom 

Space Shuttle Main Engine 

SSME Processing Facility 

Shuttle Small Payloads Project 

Shuttle Salyut Payload Study Group 

Space Task Group 

Space Shuttle Task Group 

Shuttle Training Aircraft (Gulfstream) 

(National) Space Transportation System (Space Shuttle) 
Tactical Air Control And Navigation 

Trans-Atlantic Landing (Shuttle abort mode) 
Trajectory Control Sensor 

Terminal Phase Initial Burn 

Transportni Modifitsirovannyi (Transport, Modified Soyuz variant) 
Thermal Protection System (Shuttle) 

Cosmonaut Training Center named for Yuri A. Gagarin 
Unpressurized Berthing Adapter (Space Station Freedom) 
Ultra High Frequency 

United States 

United States Air Force 

United States Marine Corps 

United States Navy 

Union of Soviet Socialistic Republics (1917—1991) 
Rendezvous approach mode 

Vehicle Assembly Building 

Rendezvous approach mode 

Very High Frequency 

Virtual Reality 

Work Authorization Document 

Weightless Environment Training Facility 
Rendezvous approach mode 

Rendezvous approach mode 

Rendezvous approach mode 

Rendezvous approach mode 
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Appendix 1: Shuttle-Mir Crewmembers 1994-1998 


Space Agency Key: CSA (Canadian); CNES (French); ESA (European); RSA (Russian); 
NASA (American) 


Note: This list does not include those Shuttle crewmembers that transferred as part of a 
Mir resident crew or those who returned as a member of a Shuttle crew after a period of 
residency on Mir. They are list separately in Table 5.2. 


Akers, Thomas D., NASA; (September 16-26, 1996) MS2 STS-79 

Anderson, Michael P., NASA; (January 22-31, 1998) MS2 STS-89 

Apt, Jerome, NASA; (September 16-26, 1996) MS1 STS-79 

Baker, Ellen L., NASA; (June 27-July 7, 1995) MS1 STS-71 

Baker, Michael A., NASA, (January 12-22, 1997) CDR STS-81 

Bloomfield, Michael J., NASA; (September 25-October 6, 1997) PLT STS-86 

Bolden, Charles F., NASA; (February 3-11, 1994) CDR STS-60 

Cameron, Kenneth D., NASA; (November 12-20, 1995) CDR STS-74 

Chang-Diaz, Franklin R., NASA; (February 3-11, 1994) MS3 STS-60; (June 2-12, 1998) 
MS1 STS-91 

Chilton, Kevin P., NASA, (March 22-31, 1996) CDR STS-76 

Chretien, Jean-Loup J. M., CNES; (September 25-October 6, 1997) MS3 STS-86 

Clervoy, Jean-Frangois A., ESA, (May 15-24, 1997) MS1 STS-84 

Clifford, M. Richard U., NASA, (March 22-31, 1996) MS2 STS-76 

Collins, Eileen M., NASA; (Feb 3-11, 1995) PLT STS-63; (May 15-24, 1997) PLT 
STS-84 

Davis, N. Jan., NASA; (February 3-11, 1994) MS1 STS-60 

Dunbar, Bonnie J., NASA; (June 27-July 7, 1995) MS3 STS-71; (January 22-31, 1998) 
MS3 STS-89 

Edwards Jr., Joe F., NASA; (January 22-31, 1998) PLT STS-89 

Foale, C. Michael, NASA; (February 3-11, 1995) MS2, STS-63 

Gibson, Robert L., NASA, (June 27-July 7, 1995) CDR STS-71 

Godwin, Linda M., NASA, (March 22-31, 1996) MS3 STS-76 
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Gorie, Dominic L. P., NASA; (June 2-12, 1998) PLT STS-91 

Grunsfeld, John M., NASA; (January 12—22, 1997) MS2 STS-81 

Hadfield, Chris A., CSA; (November 12-20, 1995) MS1 STS-74 

Halsell Jr., James D., NASA; (November 12-20, 1995) PLT STS-74 

Harbaugh, Gregory J., NASA; (June 27-July 7, 1995) MS2 STS-71 

Harris Jr., Bernard A., NASA; (February 3-11, 1995) MS1 STS-63 

Husband, Rick D., NASA (May 27-June 6, 1999) PLT STS-96 

Ivins, Marsha S., NASA, (January 12-22, 1997) MS3 STS-81 

Jernigan, Tamara E., NASA (May 27-June 6, 1999) MS1 STS-96 

Jett Jr., Brent W., NASA, (January 12-22, 1997) PLT STS-81 

Kavandi, Janet L., NASA; (June 2-12, 1998) MS3 STS-91 

Kondakova, Yelena V., RSA; (May 15-24, 1997) MS4 STS-84 

Krikalev, Sergei K., RSA; (February 3-11, 1994) MS4 STS-60 

Lawrence, Wendy B., NASA; (September 25-October 6, 1997) MS4 STS-86; (June 2-12, 
1998) MS2 STS-91 

Lu, Edward T., NASA, (May 15-24, 1997) MS3 STS-84 

McArthur Jr., William S., NASA; (November 12-20, 1995) MS3 STS-74 

Noriega, Carlos I., NASA, (May 15-24, 1997) MS1 STS-84 

Parazynski, Scott E., NASA; (September 25-October 6, 1997) MS2 STS-86 

Precourt, Charles J., NASA, (June 27-July 7, 1995) PLT STS-71; (May 15-24, 1997) 
CDR STS-84; (June 2-12, 1998) CDR STS-91 

Readdy, William F., NASA, (September 16-26, 1996) CDR STS-79 

Reightler Jr., Kenneth S., NASA; (February 3-11, 1994) PLT STS-60 

Reilly IL, James F., NASA; (January 22-31, 1998) MS1 STS-89 

Ross, Jerry L., NASA; (November 12-20, 1995) MS2 STS-74 

Ryumin, Valeri V. RSA; (June 2-12, 1998) MS4 STS-91 

Searfoss, Richard A., NASA, (March 22-31, 1996) PLT STS-76 

Sega, Ronald M., NASA, (February 3-11, 1994) MS2 STS-60; (March 22-31, 1996) MSI 
STS-76 

Sharipov, Salizhan S., RSA; (January 22-31, 1998) MS4 STS-89 

Titov, Vladimir G., RSA; (Feb 3-11, 1995) MS4 STS-63; (September 25-October 6, 
1997) MSI, STS-86 

Voss, Janice E., NASA; (Feb 3-11, 1995) MS3, STS-63 

Walz, Carl E., NASA, (September 16-26, 1996) MS3, STS-79 

Wetherbee, James D., NASA; (February 3-11, 1995) CDR STS-63; (September 25- 
October 6, 1997) CDR STS-86 

Wilcutt, Terrance W., NASA, (September 16—26, 1996) PLT STS-79; (January 22-31, 
1998) CDR STS-89 


Appendix 2: Space Shuttle/Space Station Freedom 
Assembly Manifests 1986-1993 


Tracking the constantly changing manifest for Shuttle payloads has always been a chal- 
lenge for researchers. I have attempted to list the changes in the manifest for Shuttle mis- 
sions associated Space Station Freedom. Starting from the 1970s, and throughout the 
Shuttle program, NASA regularly released updated manifests that showed projected and 
planned launch dates, vehicle assignment and the payloads assigned to individual Shuttle 
missions. Originally called “STS Space Shuttle Payload Flight Assignments,” these were 
compiled primarily to assist the aerospace community. They were issued by the Customer 
Service Division of NASA Headquarters and reflected the assignments at the date of publi- 
cation. In addition to pending flights and payloads they listed missions that had already 
been flown. From 1987, following the tragic loss of Challenger, these documents were 
issued as “NASA Mixed Fleet Payload Flight Assignments” because they covered not only 
Shuttle flights and payloads but also the fleet of US expendable launch vehicles. These 
documents are very useful for following the development and fates of payloads meant to be 
launched by Shuttle. From the late 1990s they appeared more on-line than in print form. 


STS SPACE SHUTTLE PAYLOAD FLIGHT ASSIGNMENTS, OCTOBER 3, 1986 


Long lead assignments for the Space Station (SS) began to appear in the manifests in 
1993. No specific flights were identified, but SS-7 and SS-11 in 1994 were scheduled for 
launch into polar orbits from SLC-6 at Vandenberg AFB, California. 


1993 

1st Quarter: SS-1 

2nd Quarter: SS-2; SS-3 
3rd Quarter: SS-4 

4th Quarter: SS-5 


© Springer International Publishing AG 2017 220 
D.J. Shayler, Linking the Space Shuttle and Space Stations, 
Springer Praxis Books, DOI 10.1007/978-3-319-49769-3 


Appendix 2 221 


1994 

1st Quarter: SS-6; SS-7 (Vandenberg) 
2nd Quarter: SS-8; SS-9 

3rd Quarter: SS-10; SS-11 (Vandenberg) 
4th Quarter: SS-12 


PAYLOAD FLIGHT ASSIGNMENTS: NASA MIXED FLEET, OCTOBER 22, 1987 


A year later, with the Shuttle fleet still grounded, additional details were forthcoming with 
flight dates listed for not only NASA’s station-related payloads but also for the Industrial 
Space Facility (ISF) that was being developed by Space Industries, Inc., of Houston, Texas. 
These dates were for planning purposes only and since they were not formally manifested 
they were subject to change — as indeed they often would be over the coming years. 


Industrial Space Facility (ISF) 


The US company Space Industries, Inc., (SII) was to produce a commercially owned 
Industrial Space Facility (ISF) that would be launched aboard the Shuttle, left in space, 
and later tended by visiting Shuttles. These were independent of the main space station 
program, and in effect in direct competition for flight assignments on the Shuttle. The 
planned launches were listed as: 


ISF-01, July 1991 
ISF-02, November 1991 
ISF-03, March 1992 
ISF-04, July 1992 
ISF-05, November 1992 
ISF-06, March 1993 
ISF-07, July 1993 
ISF-08, November 1993 
ISF-09, March 1994 
ISF-10, July 1994 
ISF-11, November 1994 
ISF-12, March 1995 
ISF-13, July 1995 
ISF-14, November 1995 


Space Station (SS) 


A series of 20 Shuttle payloads were identified to support the assembly and outfitting of 
the Space Station, which was at that time without a formal name. 
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SS-01 (Assembly), January 1994 

SS-02 (Assembly), April 1994 

SS-03 (Assembly), July 1994 

SS-04 (Assembly), October 1994 

SS-05 (Assembly), December 1994 

SS-06 (US Laboratory), January 1995 

SS-07 (US Laboratory outfitting), March 1995 

SS-08 (US Habitation Module), May 1995 

SS-09 (Outfitting), July 1995 

SS-10 (Crew/Logistics), October 1995 

SS-11 (US Polar Platform), October 1995 — Vandenberg (could by via ELV?) 
SS-12 (Assembly), November 1995 

SS-13 (Logistics/Crew), January 1996 

SS-14 (Japanese Experiment Module/Crew), February 1996 
SS-15 (Japanese Logistics Module/Crew), April 1996 
SS-16 (ESA Laboratory), May 1996 

SS-17 (Logistics/Crew), July 1996 

SS-18 (Logistics), August 1996 

SS-19 (Logistics/Crew), October 1996 

SS-20 (Outfitting), January 1997 


PAYLOAD FLIGHT ASSIGNMENTS: NASA MIXED FLEET, MARCH 1988 


Just six months later, and half a year before the Shuttle resumed flying after the loss of 
Challenger, a new manifest documented slips in the projected launch dates of both ISF and 
Space Station payloads. 


Industrial Space Facility (ISF) 


ISF-01, July 1991, NASA planned launch date July 23, 1992 
ISF-02, November 1991, NASA planned launch date January 14, 1993 
ISF-03, March 1992 

ISF-04, July 1992 

ISF-05, November 1992 

ISF-06, March 1993 

ISF-07, July 1993 

ISF-08, November 1993 

ISF-09, March 1994 

ISF-10, July 1994 

ISF-11, November 1994 

ISF-12, March 1995 

ISF-13, July 1995 

ISF-14, November 1995 
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Space Station (SS) 


SS-01 (Assembly), January 1995 

SS-02 (Assembly), April 1995 

SS-03 (Assembly), July 1995 

SS-04 (Assembly), September 1995 

SS-05 (Assembly), November 1995 

SS-06 (US Laboratory), January 1996 

SS-07 (US Laboratory outfitting), March 1996 

SS-08 (US Habitation Module), May 1996 

SS-09 (Outfitting), July 1996 

SS-10 (Crew/Logistics), October 1996 

SS-11 (US Polar Platform), October 1996 — Vandenberg (could by via ELV?) 
SS-12 (Assembly), November 1996 

SS-13 (Logistics/Crew), January 1997 

SS-14 (Japanese Experiment Module/Crew), February 1997 
SS-15 (Japanese Logistics Module/Crew), April 1997 
SS-16 (ESA Laboratory), May 1997 

SS-17 (Logistics/Crew), July 1997 

SS-18 (Logistics), August 1997 

SS-19 (Logistics/Crew), October 1997 

SS-20 (Outfitting), November 1997 


PAYLOAD FLIGHT ASSIGNMENTS: NASA MIXED FLEET, JANUARY 1989 


By 1989 the Shuttle was operating once again, but Columbia was not scheduled to return 
to flight until later in the year and a back log of important and time-critical payloads fur- 
ther postponed the projected dates for ISF and Space Station missions. Indeed only three 
ISF launches were formally planned, the other eleven being ‘for NASA planning purposes 
only' and with no details. 


Industrial Space Facility (ISF) 


ISF-01, July 1992, NASA planned launch date January 11, 1993 
ISF-02, January 1993, NASA planned launch date July 15, 1993 
ISF-03, July 1993, NASA planned launch date February 3, 1994 
ISF-04, January 1994 (for NASA planning purposes) 

ISF-05, July 1994 

ISF-06, January 1995 

ISF-07, July 1995 

ISF-08, January 1996 

ISF-09, July 1996 

ISF-10, January 1997 
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ISF-11, July 1997 
ISF-12, January 1998 
ISF-13, July 1998 
ISF-14, January 1999 


Space Station (SS) 


SS-01 (Assembly), March 1995 

SS-02 (Assembly), June 1995 

SS-03 (Assembly), September 1995 

SS-04 (Assembly), October 1995 

SS-05 (Assembly), December 1995 

SS-06 (US Laboratory), February 1996 

SS-07 (US Laboratory outfitting), March 1996 

SS-08 (US Habitation Module), May 1996 

SS-09 (Outfitting), June 1996 

SS-10 (Crew/Logistics), August 1996 

SS-11 (US Polar Platform), September 1996 

SS-12 (Assembly), November 1996 

SS-13 (Logistics/Crew), December 1996 

SS-14 (Japanese Experiment Module/Crew), February 1997 
SS-15 (Japanese Logistics Module/Crew), March 1997 
SS-16 (ESA Laboratory), May 1997 

SS-17 (Logistics/Crew), June 1997 

SS-18 (Logistics), August 1997 

SS-19 (Logistics/Crew), September 1997 

SS-20 (Outfitting), November 1997 


PAYLOAD FLIGHT ASSIGNMENTS: NASA MIXED FLEET, JUNE 1989 


By the summer of 1989 the ISF launches had slipped further, but at least the Space Station 
had gained a formal name: Freedom. 


Industrial Space Facility (ISF) 


ISF-01, February 1994, NASA planned launch date February 7, 1994 
ISF-02, August 1994, NASA planned launch date November 20, 1994 
ISF-03, February 1995, NASA planned launch date My 10, 1995 
ISF-04, August 1995 (for NASA planning purposes) 

ISF-05, February 1996 

ISF-06, August 1996 

ISF-07, February 1997 
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ISF-08, August 1997 
ISF-09, February 1998 
ISF-10, August 1998 
ISF-11, February 1999 
ISF-12, August 1999 
ISF-13, February 2000 
ISF-14, August 2000 


Space Station Freedom (SSF) Phase-I 


SSF-01 (Assembly), March 1995 (launch date March 2, 1995) 
SSF-02 (Assembly), June 1995 (launch date June 6, 1995) 
SSF-03 (Assembly), September1995 (launch date September 7, 1995) 
SSF-04 (Assembly), October 1995 

SSF-05 (Assembly), December 1995 

SSF-06 (US Laboratory), February 1996 

SSF-07 (US Laboratory outfitting), March 1996 

SSF-08 (US Habitation Module), May 1996 

SSF-09 (Outfitting), June 1996 

SSF-10 (Crew/Logistics), August 1996 

SSF-11 (US Polar Platform), September 1996 

SSF-12 (Assembly), November 1996 

SSF-13 (Logistics/Crew), December 1996 

SSF-14 (Japanese Experiment Module/Crew), February 1997 
SSF-15 (Japanese Logistics Module/Crew), March 1997 
SSF-16 (ESA Laboratory), May 1997 

SSF-17 (Logistics/Crew), June 1997 

SSF-18 (Logistics), August 1997 

SSF-19 (Logistics/Crew), September 1997 

SSF-20 (Outfitting), November 1997 


PAYLOAD FLIGHT ASSIGNMENTS: NASA MIXED FLEET, JANUARY 1990 
In the January 1990 manifest, more details were forthcoming regarding plans for the early 
assembly of Space Station Freedom. 
Industrial Space Facility (ISF) 
ISF-01, February 1994, NASA planned launch date February 3, 1994 
ISF-02, August 1994, NASA planned launch date October 27, 1994 


ISF-03, February 1995, NASA planned launch date May 30, 1995 
ISF-04, August 1995 (for NASA planning purposes) 


226 Appendix 2 


ISF-05, February 1996 
ISF-06, August 1996 
ISF-07, February 1997 
ISF-08, August 1997 
ISF-09, February 1998 
ISF-10, August 1998 
ISF-11, February 1999 
ISF-12, August 1999 
ISF-13, February 2000 
ISF-14, August 2000 


Space Station Freedom 


SSF/L = Logistics support materials 
SSF/MB = Manned Base components 
SSF/OF = Outfitting Flight for on-orbit laboratories 


SSF/MB-01, First Element Launch (FEL) March 1995 (launch date March 9, 1995) 
STS-89 (Endeavour) 7 days with a crew of 7 

SSF/MB-02, June 1995 (launch date June 22, 1995) STS-92 (Endeavour) 7 days with a 
crew of 7 

SSF/MB-03, August 1995 (launch date August 10, 1995) STS-93 (Discovery) 7 days 
with a crew of 7 

SSF/MB-04, November 1995 (launch date November 16, 1995) STS-96 (Discovery) 
7 days with a crew of 7 

SSF/MB-05, January 1996 (launch date February 8, 1996) STS-99 (Endeavour) 7 days 
with a crew of 7 

SSF/MB-06, April 1996 (launch date March 28, 1996) STS-101 (Atlantis) 7 days with 
a crew of 7 

SSE/MB-07, Man-Tended Capability (MTC) June 1996 (launch date June 20, 1996) 
STS-104 (Discovery) 7 days with a crew of seven, lab operations now possible when 
a Shuttle Orbiter is present 

SSF/OF-01, August 1996 (launch date September 19, 1996) STS-107 (Endeavour) 
7 days with a crew of 7 

SSE/MB-08, November 1996 

SSF/MB-09, January 1997 

SSF/OF-02, April 1997 

SSF/MB-10, June 1997 

SSE/L-01, Permanently Manned Capability (PMC) July 1997, four person resident 
crews with periodic rotation 

SSE/MB-11, September 1997 

SSF/L-02, October 1997 

SSF/L-03, December 1997 

SSF/MB-12, February 1998 

SSF/L-04, March 1998 
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SSF/L-05, April 1998 
SSF/L-06, July 1998 
SSF/MB-13, June 1998 
SSE/MB-14, September 1998 
SSF/L-07, October 1998 
SSF/L-08, December 1998 
SSF/OF-03, January 1999 
SSF/L-09, March 1999 
SSF/L-10, April 1999 
SSF/OF-04, June 1999 
SSF/L-11, July 1999 


PAYLOAD FLIGHT ASSIGNMENTS: NASA MIXED FLEET, DECEMBER 1990 


By the end of 1990 only three ISF launches remained on the manifest. Also, the first seven 
Space Station Freedom missions (whose objective was to gain the Man-tended capability) 
had become more fluid in their planning and less detailed in their content. 


Industrial Space Facility (ISF) 


ISF-01, July 1997 
ISF-02, January 1998 
ISF-03, January 1999 


Space Station Freedom 


SSF/L = Logistics support materials 
SSF/MB - Manned Base components 
SSF/OF - Outfitting Flight for on-orbit laboratories 


SSF/MB-01, First Element Launch (FEL) 2nd Qtr FY95 
SSF/MB-02, 4th Qtr FY95 

SSE/MB-03, 1st Qtr FY96 

SSF/MB-04, Ist Qtr FY96 

SSE/MB-05, 2nd Qtr FY96 

SSF/MB-06, 3rd Qtr FY96 

SSF/MB-07, Man-Tended Capability (MTC) 4th Qtr FY96 
SSF/OF-01, 4th Qtr FY96 

SSF/MB-08, November 1996 

SSF/MB-09, January 1997 

SSF/OF-02, April 1997 

SSF/MB-10, June 1997 

SSF/L-01, Permanently Manned Capability (PMC) crew rotation July 1997 
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SSF/MB-11, September 1997 
SSF/L-02, October 1997 
SSF/L-03, December 1997 
SSF/MB-12, February 1998 
SSF/L-04, March 1998 
SSF/L-05, April 1998 
SSF/L-06, July 1998 
SSF/MB-13, June 1998 
SSF/MB- 14, September 1998 
SSF/L-07, October 1998 
SSF/L-08, December 1998 
SSF/OF-03, January 1999 
SSF/L-09, March 1999 
SSF/L-10, April 1999 
SSF/OF-04, June 1999 
SSF/L-11, July 1999 


PAYLOAD FLIGHT ASSIGNMENTS: NASA MIXED FLEET, FEBRUARY 1991 


By 1991 plans for Space Station Freedom were in trouble, with the first five missions 
being assigned only flexible dates through FY 1996 


Industrial Space Facility (ISF) 


ISF-01, July 1997 
ISF-02, January 1998 
ISF-03, January 1999 


Space Station Freedom 


SSF/L = Logistics support materials 
SSF/MB = Manned Base components 
SSF/OF = Outfitting Flight for on-orbit laboratories 


SSF/MB-01, First Element Launch (FEL) 4th Qtr FY95 
SSF/MB-02, Ist Qtr FY96 

SSF/MB-03, 2nd Qtr FY96 

SSF/MB-04, 3rd Qtr FY96 

SSE/MB-05, 4th Qtr FY96 

SSE/MB-06, Man-Tended Capability (MTC) 
SSF/MB-07 

SSF/OF-01 

SSF/MB-08 
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SSF/MB-09 
SSF/OF-02 
SSF/MB- 10 
SSF/L-01, Permanently Manned Capability (PMC) 
SSF/MB-11 
SSF/L-02 
SSF/L-03 
SSE/MB-12 
SSF/L-04 
SSF/L-05 
SSF/L-06 
SSF/MB-13 
SSF/MB- 14 
SSF/L-07 
SSF/L-08 
SSF/OF-03 
SSF/L-09 
SSF/L-10 
SSF/OF-04 
SSE/L-11 


PAYLOAD FLIGHT ASSIGNMENTS: NASA MIXED FLEET, AUGUST 1991 


In this manifest, changes were evident in the renaming of some flights assigned to Space 
Station Freedom. 


Industrial Space Facility (ISF) 


ISF-01, July 1997 
ISF-02, January 1998 
ISF-03, January 1999 


Space Station Freedom 


SSF/MB - Manned Base components 
SSF/UF - Utilization Flight 


SSF/MB-01, First Element Launch (FEL) 2nd Qtr FY96 
SSF/MB-02, 2nd Qtr FY96 

SSE/MB-03, 3rd Qtr FY96 

SSF/MB-04, 4th Qtr FY96 

SSF/MB-05, 2nd Qtr FY97 

SSF/MB-06, Man-Tended Capability (MTC) 3rd Qtr FY97 
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SSF/MB-07, 3rd Qtr FY97 
SSF/UF-01, 4th Qtr FY97 

SSF/MB-08, 4th Qtr FY97 
SSF/MB-09 

SSF/UF-02 

SSE/MB-10 

SSF/MB-11 

SSF/UF-03 

SSF/MB-12 

SSF/UF-04 

SSF/UF-05 

SSF/UF-06 

SSF/MB-13 

SSF/MB-14 

SSF/UF-07 

SSF/UF-08 

SSF/MB-15 

SSF/MB-16 

SSF/MB-17 

SSF/MB-18 


PAYLOAD FLIGHT ASSIGNMENTS: NASA MIXED FLEET, JANUARY 1992 


Though both ISF and Space Station Freedom missions continued to be listed in the mani- 
fest, details were sketchy, and no Shuttle missions were projected with either project. 


Industrial Space Facility (ISF) 


ISF-01, July 1997 
ISF-02, January 1998 
ISF-03, January 1999 


Space Station Freedom 


SSF/MB = Manned Base components 
SSF/UF = Utilization Flight 


SSF/MB-01, First Element Launch (FEL) 2nd Qtr FY96 
SSF/MB-02, 2nd Qtr FY96 

SSE/MB-03, 3rd Qtr FY96 

SSF/MB-04, 4th Qtr FY96 

SSF/MB-05, Ist Qtr FY97 

SSF/MB-06, Man-Tended Capability (MTC) Ist Qtr FY97 
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SSF/MB-07, 3rd Qtr FY97 
SSF/UF-01, 3rd Qtr FY97 

SSF/MB-08, 4th Qtr FY97 
SSE/UF-02, 4th Qtr FY97 

SSF/MB-09, Ist Qtr FY98 
SSE/UF-03, 2nd Qtr FY98 
SSF/MB-10, 3rd Qtr FY98 
SSE/MB-11, 3rd Qtr FY98 
SSE/UF-04, 4th Qtr FY98 

SSE/MB-12, 4th Qtr FY98 
SSF/UF-05, 4th Qtr FY98 

SSF/UF-06 

SSF/MB-13 

SSF/MB- 14 

SSF/UF-07 

SSF/UF-08 

SSF/MB-15 

SSF/MB-16 

SSF/MB-17 

SSF/MB-18 


PAYLOAD FLIGHT ASSIGNMENTS: NASA MIXED FLEET, APRIL 1993 


By 1993 Space Station Freedom had been canceled for all intents and purposes, as the 
notes in this manifest release said: “The FY96-99 Shuttle manifest planning is omitted 
pending space station redesign.” This represents one of the last listings of assignments 
under the heading of “Freedom” and the absence of dates or details underlines the fact that 
it was an abandoned plan. 


Industrial Space Facility (ISF) 


ISF-01, July 1997 
ISF-02, January 1998 
ISF-03, January 1999 


Space Station Freedom 
SSF/MB - Manned Base components 
SSF/UF - Utilization Flight 


SSF/MB-01, First Element Launch (FEL) 
SSF/MB-02 
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SSF/MB-03 
SSF/MB-04 
SSF/MB-05 
SSE/MB-06, Man-Tended Capability (MTC) 
SSF/MB-07 
SSF/UF-01 
SSF/MB-08 
SSF/UF-02 
SSF/MB-09 
SSF/UF-03 
SSF/MB-10 
SSF/MB-11 
SSF/UF-04 
SSF/MB-12 
SSF/UF-05 
SSF/UF-06 
SSE/MB-13 
SSF/MB-14 
SSF/UF-07 
SSF/UF-08 
SSF/MB-15 
SSF/MB-16 
SSF/MB-17 
SSF/MB-18 


After this manifest, the development of Shuttle missions involving the Mir space sta- 
tion and later the International Space Station began to appear. For an account of these, see 
the companion title Assembling and Supplying the ISS: The Space Shuttle Fulfills Its 
Mission. 
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